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Chapter 1: Introduction 
1.1 Dissertation Organization 
This dissertation is composed of a number of journal articles published or 
submitted for publication. This introductory chapter contains background information 
and a comprehensive literature review of the topics addressed in subsequent chapters. 
Chapters 2 and 3 contain journal articles that have been submitted to Journal of Applied 
Physics and Journal of Materials Research, respectively. Chapter 7 is a journal article 
prepared for submission to Journal of Materials Science. Chapters 4 and 6 contain journal 
articles that have been published in Thin Solid Films and Materials Letters, respectively. 
For all journal articles, the author was the primary researcher and author. Listed co-
authors provided some assistance in collecting data and edited papers for content and 
clarity. In addition to the journal articles, Chapter 5 presents research results not 
published and Chapter 8 contains general conclusions and recommendations for further 
study. Works cited are listed at the end of each chapter in which they appear. 
1.2 Overview of Transparent Conducting Oxides 
New consumer electronic devices are developed to be ultra-portable and 
efficient, combining communication, storage, and multimedia technologies in one 
package. These so-called smart devices require transparent electrodes and circuitry in 
order to retain portability, thus much research has been conducted in the broad field of 
transparent conducting oxides (TCOs) [1-7]. TCOs are unique oxide materials because 
depending on the doping scheme used, they can behave as insulators, semiconductors, 
or metals. In general, the term TCO is used to describe a wide bandgap semiconductor 
(Eg > 3.1 eV) doped (sometimes to degeneracy) through the introduction of native or 
substitutional dopants, which provide high carrier concentration and high mobility [2, 6, 
7]. A wide bandgap ensures transparency through the visible portion of the 
electromagnetic (EM) spectrum    (400 nm <  > 700 nm). High mobility ensures that the 
plasma absorption edge of the optical window is deep into the infrared portion of the 
EM spectrum. These important properties make TCOs widely applicable for any device 
that requires optical access behind electrical circuitry.  
In this section, the device applications of TCOs will be introduced followed by a 
brief discussion of the design considerations of TCOs. Next, current TCO materials will 
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be discussed, with extra attention paid to their electrical and optical properties. Finally, 
the limitations of current TCO materials will be addressed.  
1.2.1 Device Applications 
The first device application of a TCO material was as a de-icer for WWII bomber 
windows [6]. In addition to being used in automobile and supermarket freezer display 
windows, TCOs are now used in a variety of applications that exploit certain aspects of 
the unique combination of electrical and optical properties they possess. Some 
applications, such as low emissivity and electrochromic windows, are more passive 
device applications in which the high IR reflectivity (controlled by the location of the 
plasma absorption edge) is utilized to reflect heat back into or out of certain spaces. 
Other applications, such as state-of-the-art flat panel displays, push the envelope of 
existing TCO properties such as conductivity and transmissivity. 
Specific passive device applications for TCOs include energy-conserving 
windows for aircraft, automobiles, household appliances, and buildings, as well as 
electromagnetic shielding and antistatic coatings for cathode-ray tubes and copy 
machines [1, 2, 6-9]. These kinds of applications require high optical transparency but 
not necessarily high conductivity.  
There are many more active device applications for TCOs that push the limits of 
current technology. These include flat screen high-definition televisions, high resolution 
flat panel liquid crystal displays, touch-sensitive displays, solar cells, electrochromic 
windows, and other thin film photovoltaics [1, 3, 6, 8, 9]. In all of the preceding 
applications, degenerately doped TCO materials are used as a transparent electrode. 
Technological advances continually put pressure on finding TCO materials that exhibit 
higher carrier concentration and mobility while maintaining high optical transmission 
through the visible EM range, an important issue that will be further addressed in 
following sections. 
1.2.2 Design Considerations  
Many important factors must be considered when selecting a TCO material for 
each of the applications identified above. Haacke [8, 10] introduced a figure of merit, TC, 
to evaluate transparent conducting materials.  In general, TC is defined as seen in 
Equation 1.1. 
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TC =
T10
RS
, Equation 1.1 
 
where T is optical transmission (fraction) and RS is sheet resistance. Transmission is 
related to absorption coefficient () and film thickness (t) as shown in Equation 1.2, 
while sheet resistance can be related to electrical conductivity () and film thickness (t) 
as shown in Equation 1.3. 
 
  
T = exp t( )  Equation 1.2 
 
  
RS =
1
t
 Equation 1.3 
 
The two relationships given in Equations 1.2 and 1.3 can be further evaluated on 
the basis of other material properties such as carrier concentration (n), frequency of 
incident light (), carrier mobility (µ), and effective mass (m*). This relationship is shown 
in Equation 1.4. 
 
  
TC 


=
c
e
n 2µ2m *2   Equation 1.4 
 
Equation 1.4 indicates that in general, materials with high carrier concentration 
and high carrier mobility will have larger TC. The expression also shows that TC is 
sensitive to changes in effective mass; a larger effective mass contributes to a larger TC. 
It is important to note that TC may not be an accurate measure of a material’s usefulness 
for a given application. Other properties, such as mechanical, chemical, and thermal 
durability, etchability, plasma wavelength limit, work function, thickness, deposition 
temperature, surface topography, toxicity, and cost may carry higher importance than 
those indicated in Equation 1.4 when choosing an appropriate TCO [6]. 
As an example, when used as electrodes in high-resolution flat panel displays, 
TCOs need to have extremely low electrical resistivity and yet maintain optical 
transparency. Another important consideration is surface topography. A smooth surface 
is essential for preventing localized field effects and surface scattering [2]. Durability of a 
TCO is also an important factor in designing touch-sensitive displays, solar cells, and 
coatings for de-icing windows or increasing the energy efficiency of windows. TCOs in 
these applications need to have good abrasion resistance to be able to withstand 
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interaction with the environment. Thermal stability is another important factor for some 
of these applications, as the TCO is expected to maintain its performance over a wide 
range in temperature. 
An important design consideration for TCOs in passive applications is the 
plasma absorption edge of the optical transmission window. Electrons are unable to 
respond to EM frequencies above the plasma frequency (p), causing the material to be 
transparent above p. Incident radiation is reflected and absorbed at frequencies lower 
than p. The frequency of the plasma absorption edge (p) in a TCO is calculated using 
Equation 1.5 [7]:   
 
  
p =
ne2
omc

 
 
	 	 
 
 

 
 
1
2
, Equation 1.5 
 
where o is the permittivity of free space,  is the high-frequency permittivity, and mc
 is 
the conductivity effective mass. As carrier concentration increases, the plasma 
absorption edge shifts to higher frequencies (shorter wavelengths), decreasing IR 
transparency. For this reason, carrier concentration must be carefully controlled in order 
to achieve appropriate IR reflection. This property is exploited in heat-reflecting, energy-
efficient windows. 
1.2.3 Current Materials 
As evidenced from the discussion of the wide variety of applications that utilize 
TCOs, there are many materials that fit the category of TCO, all possessing different 
combinations of electrical and optical properties specific for a given application. There 
are a number of binary oxide systems formed primarily from p-block heavy metals that 
exhibit excellent TCO properties. Of specific interest are metal cations with a closed-shell 
electron configuration at the uppermost energy level, which contributes a covalent 
character to the bonding between metal cations and oxide if the energy levels are nearly 
equivalent [3]. This feature is important for preventing the localization of conducting 
electrons or holes. 
Typical binary oxides include SnO2, In2O3, ZnO, CdO, Ga2O3, Tl2O3, PbO2, and 
Sb2O5 [1-7]. Ternary and quaternary transition metal oxides such as Cd2SnO4, CdSnO3, 
CdIn2O4, Zn2SnO4, MgIn2O4, CdSb2O6:Y, ZnSnO3, GaInO3, Zn2In2O5, and In4Sn3O12 are 
also good candidates for exhibiting TCO properties [4]. Depending on the TCO 
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application, a different set of properties is required so a different material is best suited. 
Sn-doped In2O3, called indium tin oxide (ITO), SnO2, and Al- or Ga-doped ZnO are the 
most widely used TCOs [1, 2, 4-6, 11-14], so the current discussion will be limited to 
these three materials. 
1.2.3.1 Electrical Properties 
Indium tin oxide and zinc oxide are both used as transparent top contacts in flat 
panel displays and solar cells. Crystalline In2O3 has the bixbyite structure and typically 
possesses the intrinsic charged defect of oxygen vacancies, which provides two 
conduction electrons [2]. Tin doping in In2O3 substitutes for the indium in the lattice [11]. 
The extra valence electron present on Sn is easily excited to the conduction band. 
Sufficient Sn doping creates an impurity band overlapping the conduction band, making 
the semiconductor degenerate [2]. Thus, ITO exhibits high metallic n-type conductivity. 
Typical conductivity of ITO is on the order of 104 S/cm [2, 11, 12]. Carrier mobility is 
reduced due to inherent structural disorder resulting from oxygen vacancies as well as 
scattering from substitutional Sn [11]. Even so, electron mobility on the order of 25-35 
cm2 V-1 s-1 [11] is typical for ITO films. 
Zinc oxide has a lower conductivity than ITO, although studies in recent years 
have resulted in doped ZnO films with conductivity approaching that of ITO [4]. 
Crystalline ZnO has the wurtzite structure. The higher chemical reactivity of Zn in 
oxidizing atmospheres makes the fabrication of a highly conductive film more difficult 
[4]. The electronic structure of zinc enables substitution with a Group III, Group IV, or 
rare earth elements. In addition, the O atom site can be doped with a Group VII element. 
In all cases, n-type conductivity is achieved. Zinc oxide films doped with Al or Ga 
possess conductivity on the order of 104 S/cm [4] and carrier mobility equal to or greater 
than that of ITO [6].   
While ITO and ZnO are specifically utilized in applications taking advantage of 
their high carrier concentration and mobility, SnO2 is used as a TCO material in 
applications taking advantage of its optical properties. Tin oxide films are used as 
energy-conserving coatings on windows and thin-film photovoltaic solar cells.  
Crystalline SnO2 has a tetragonal rutile structure. Undoped SnO2 can contain intrinsic 
oxygen vacancy defects, which, like ITO, provides two conduction electrons per defect 
[14]. The weak semiconducting behavior can be improved with substitutional doping on 
the Sn lattice site with Sb, Cl, or F [14]. The maximum reported conductivity of an SnO2 
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film is approximately 0.5  103 S/cm [13]. Undoped SnO2 films possess electron mobility 
on the order of 1 cm2 V-1 s-1, while doping with F can increase mobility to approximately 
40 cm2 V-1 s-1 [14]. 
1.2.3.2 Optical Properties 
The main requirement of all TCO materials is an optical transparency, typically 
greater than 80%, through the entire visible portion of the EM spectrum. As previously 
mentioned, it is the wide bandgap of the metal oxides that ensures transparency through 
the entire visible range and into the UV region. This is mainly due to the largely ionic 
character of the metal-oxide bond, which suppresses the formation of easily-ionized 
shallow donors or acceptors [3].   
In addition to bandgap, carrier concentration and mobility control the plasma 
absorption edge and IR transparency. The plasma absorption edge is an important 
property because it designates the maximum frequency at which electrons can respond 
to an applied electric field. Above such frequencies, the material behaves like a 
transparent dielectric, while the material will reflect or absorb incident radiation at 
lower frequencies [6]. As demonstrated by Equation 1.5, the plasma absorption 
frequency increases with the square root of carrier concentration. Therefore, a material 
such as SnO2, which has a low electron concentration, has a plasma wavelength on the 
order of 1.6 µm, while ITO and ZnO, both with higher carrier concentration, have 
plasma wavelengths on the order of 1.0 and 1.3 µm, respectively [6]. 
1.2.4 Limitations of Existing TCOs 
Of the three TCO materials described in the previous section, ITO is by far the 
most widely-used material in commercial flat panel displays [1, 2, 4, 6]. Its superior 
electrical and optical properties make it an ideal choice for such an application; however, 
the price of In2O3 is ever-increasing, prompting further investigation of In-free TCO 
candidate materials. Keeping in mind the properties affecting figure of merit (Equation 
1.4), other metal oxides are under scrutiny to determine if they have the potential to be 
the next high-performance TCO.  
As mentioned previously, ZnO can be doped to conductivity levels similar to 
that of ITO. ZnO is an inexpensive alternative to ITO and is currently being used in flat 
panel displays and solar cells; however ZnO cannot withstand corrosive chemical 
environments as well as ITO [6] and fabrication processes require careful monitoring 
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and control [4]. F-doped SnO2 is also a viable alternative to ITO in some cases, however 
it requires a higher deposition temperature than ITO, a factor that can limit the 
applicability of SnO2, especially in the area of flexible displays. Because of these 
limitations, there exists a strong demand for further expanding the TCO landscape to 
include a wider variety of materials.  
A vast majority of the TCO materials used in current technology possess n-type 
conductivity, limiting their applicability in semiconductor devices such as the                  
p-n junction diode [1, 3, 4, 9, 14-16]. It was not until the discovery of p-type CuAlO2 [17] 
with the delafossite structure that any sort of focus was placed on the investigation of 
semiconducting TCOs. Since that initial discovery, other p-type materials have been 
identified, including SrCu2O2, which was used with n-type ZnO to fabricate a 
transparent   p-n heterojunction diode which had rectifying characteristics and a diode 
factor of 1.62 [16]. This p-n heterojunction also emitted UV light under an applied 
voltage greater than the turn-on voltage of 3 V [9]. 
The first successful transparent p-n junction was composed of p- and n-type 
materials with differing crystal structures: p-type SrCu2O2 with a layered structure and       
n-type wurtzite ZnO. A p-n junction composed of the same material is more desirable for 
application in semiconductor devices, or at the very least two materials with the same 
crystal structure are preferred. Both conditions have the effect of minimizing internal 
stress caused by lattice mismatch between two different structures. Hosono et al. [9] 
fabricated a p-n homojunction from bipolar CuInO2, a material with the delafossite 
structure. This diode exhibited rectifying characteristics with a turn-on voltage of 1.8 V 
and had optical transmission ranging from 60-80% through the visible region [9]. 
In light of the limitations of current TCO materials, there is clearly opportunity 
for further study of existing materials as well as a chance to apply fundamental material 
properties to aid in the discovery of new TCO materials, particularly In-free and p-type 
semiconducting TCOs. To that end, two material systems were selected for analysis. 
First, doped anatase TiO2 has been identified to help fill the need for In-free TCOs. TiO2 
films doped with 3-6 mol% Nb or Ta deposited on SrTiO3 (STO) using pulsed laser 
deposition (PLD) were found to possess conductivity on the order of 2-4  103 S/cm, 
mobility as high as 22 cm2 V-1 s-1, and greater than 90% transparency to visible light [18-
20]. There exists an opportunity to explore low-cost large area deposition of doped 
anatase TiO2 as a means of improving its viability in commercial applications. Also, little 
is known about the conduction mechanism in these films and how processing can affect 
the electronic properties. The delafossite system was selected as the second material 
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system because of its natural p-type conductivity and demonstrated bipolar conductivity 
in CuInO2. Factors affecting stability and properties of the delafossite phase in complex 
systems are not fully known. In addition, an analysis of the electronic structure could 
elucidate the necessary factors that promote bipolar conductivity. With these two 
material systems in mind, the remainder of this chapter will be devoted to discussing the 
design and fabrication of TCOs based on doped TiO2 and delafossite ceramics.  
1.3 Doped Anatase TiO2  
Crystalline TiO2 naturally exists as three polymorphs: anatase, rutile, and 
brookite. Both rutile and anatase have tetragonal crystal structures (space groups 
P42/mnm and I41/amd, respectively) while brookite exists in an orthorhombic structure 
(space group Pcab). In addition to the structural differences, each polymorph possesses 
its own set of electrical and optical properties. Because of the wide range in properties 
TiO2 can possess, it has found use in a variety of applications, including pigments [21-
25], optical coatings [26, 27], gas sensors [25, 28-31], photocatalysts [23, 30, 32-40], solar 
cells [23, 39], transistors [41, 42], dilute magnetic semiconductors [43, 44], and 
transparent conducting oxides [18-20]. Of particular interest here is the application of 
doped anatase TiO2 as a transparent conducting oxide, therefore discussion will be 
limited to the structure, stability, and properties of the anatase polymorph of TiO2. 
1.3.1 Structural Overview and Stability 
Anatase TiO2 has a tetragonal crystal structure with space group symmetry of 
I41/amd and typical lattice parameters a = 3.875 Å and c = 9.514 Å [45]. This structure, 
shown in Figure 1.1, is derived from a cubic close-packed array of oxide ions [46]. Ti4+ 
cations are in six-fold coordination with O2- anions, forming distorted octahedra that are 
stretched with respect to the c-axis. The octahedra share four edges to form a spiral chain 
through the lattice.  
The anatase polymorph of TiO2 is a metastable low-temperature phase that will 
irreversibly transform into rutile upon heating to temperatures of 400°-1000°C [47, 48]. 
This temperature range is so large because numerous factors can influence the transition 
from anatase to rutile. These factors can include, but are not limited to, grain size [22, 48-
50], impurities [21, 25, 30, 47, 48, 51, 52], and processing conditions [27, 48, 53-58].  
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Figure 1.1: Crystal structure of anatase TiO2. 
 
Regarding grain size, smaller anatase grains or particles cause the transformation 
to rutile to occur at lower temperatures because there are more rutile nucleation sites 
available [22, 49, 50]. Small particles have high surface-to-volume ratio, making the total 
surface area much larger, which helps facilitate rutile nucleation. Rutile also nucleates 
easily at dislocations existing on small particles as a result of grinding [50].  
Impurities are known to have the largest impact on the transformation 
temperature of anatase. Typically, oxygen vacancies are created by cation impurities 
with oxidation state lower than 4+. This has the effect of reducing the transformation 
temperature as well as accelerating the process due to the enhancement of atom 
transport [48, 51]. Conversely, cation impurities with oxidation state higher than 4+ 
create interstitial Ti3+, which inhibit atom transport through the structure, thus 
increasing transformation temperature and slowing the process [51].  
Finally, the processing conditions used to attain anatase powders, crystals, or 
films can drastically affect how easily anatase will transform to rutile upon heating. 
Controlling the pH of a sol-gel or hydrothermal solution greatly affects which phase 
results. Highly stable anatase can be created using high pH solutions while low pH 
solutions will stabilize rutile at much lower temperatures [57]. When fabricating thin 
films, oxygen partial pressure and substrate temperature during deposition are 
important factors affecting the formation of an anatase film. High oxygen partial 
pressure and substrate temperature lower than 400°C promotes growth of anatase films 
via pulsed laser deposition and sputtering while rutile films will be created at low 
oxygen pressures [27, 56, 58]. Sputtering can also produce amorphous TiO2 films on 
glass substrates, which crystallize into anatase at temperatures at high as 550°C [53]. 
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1.3.2 Crystal Chemistry 
Prior to discussion of bonding among specific orbitals, it is useful to review the 
general orbital shapes. The triply-degenerate p orbitals are shown in Figure 1.2 and the 
five independent d orbitals are shown in Figure 1.3 [59]. 
 
 
Figure 1.2: The triply-degenerate p orbitals [59]. 
 
 
Figure 1.3: Five independent d orbitals [59]. 
 
As discussed in the previous section, the anatase polymorph of TiO2 is 
metastable with respect to the rutile polymorph. Half of the energy difference between 
the two structures comes from an unfavorable anion packing due to the octahedra 
settling into spiral chains in anatase and the rest comes from a less favorable local anion 
coordination environment in anatase [46]. Notice in the structure (Figure 1.1) that the O2- 
anions are in planar coordination with three Ti4+ cations as seen in more detail in Figure 
1.4. The preferable coordination of the planar Ti3O unit is a trigonal planar arrangement 
with bond angles of 120°; however this effect is offset by the Coulomb repulsion due to 
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the O-O distance in the structure, causing the planar Ti3O unit to possess a unique angle 
of ~156° [32]. It is the closed-shell repulsions of the O-O interactions across the shared 
octahedral edges that determine this structure for anatase. A -back-donation resulting 
from the overlap of a Ti 3d orbital with an O 2p orbital helps to stabilize the planar 
geometry of the Ti3O unit [46]. 
 
 
Figure 1.4: Depiction of a single planar Ti3O unit in anatase 
TiO2. The structure is distorted from the ideal trigonal 
planar arrangement with a unique angle of approximately 
156° as shown. 
 
As is the case with most transition metal oxides, Ti cations are in six-fold 
coordination with O anions. Due to the influence of the O-O repulsions, the TiO6 
octahedron in anatase contains four short bonds and two long bonds as shown in Figure 
1.5. According to the molecular orbital theory [60-63], in this environment, the 3d 
orbitals of Ti split, with the 
  
d
z2
 and 
  
d
x2 y2
 orbital occupying the higher-energy eg orbital 
and the dxy, dyz, and dxz orbitals occupying the lower-energy t2g orbital. All 2p orbitals of 
O2- are occupied, which interact with the unoccupied eg and t2g orbitals of Ti4+ to form a 
molecular-orbital bonding structure shown in Figure 1.6.  
An important feature of note in the molecular-orbital bonding structure given for 
the octahedral unit of anatase TiO2 in Figure 1.6 is the presence of nonbonding states on 
either side of the band gap. This structure was observed in structural models calculated 
using the full-potential linearized augmented plane-wave (FLAPW) method [32]. The 
structure of anatase, in which octahedra are arranged in a spiral chain with four shared 
edges and four shared corners, is less dense than rutile. As a result, the Ti-Ti distance in 
the structure is over 5 Å, leading to the isolation of the 3dxy orbitals at the bottom of the 
conduction band [32]. Additionally, the p orbital of O2- is nonbonding, being isolated at 
the top of the valence band. 
 
156° 
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Figure 1.5: The TiO6 octahedron from anatase TiO2. Ti-O 
bond distances are indicated at each O2- anion. 
 
 
Figure 1.6: Molecular-orbital bonding structure for a TiO6 unit in anatase 
TiO2. Filled electron states are shaded. 
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1.3.3 Electrical Properties 
A major implication of the molecular-orbital bonding structure in anatase TiO2 is 
the wide band gap (~3.2 eV) that exists in undoped samples [40, 53, 64-67]. The result of 
this is that pure undoped anatase TiO2 is an insulator. However, as is the case with 
many oxide materials, nonstoichiometry and defect structures exist which can 
dramatically affect the electrical properties. In addition, aliovalent substitution in the 
structure impacts the defect structure and electronic properties, so much so that metallic 
conductivity can be achieved. 
1.3.3.1 Defect Chemistry 
Intrinsic defects that exist in metal oxides can be classified as Frenkel or Schottky 
defects. Frenkel defects are characterized by the presence of either a cation vacancy in 
combination with a cation interstitial or an anion vacancy in combination with an anion 
interstitial [68, 69]. The latter defect is also referred to as an anti-Frenkel defect. The 
generation of a Frenkel defect is shown in Equation 1.6a and that of an anti-Frenkel 
defect is shown in Equation 1.6b. Schottky defects are characterized by the presence of 
both cation and anion vacancies [68, 69]. The generation of a Schottky defect is shown in 
Equation 1.7. 
 
  nil   V M + Mi
••  Equation 1.6a 
  nilVO
••
+   O i  Equation 1.6b 
 
  nil   V M + VO
••  Equation 1.7 
 
Equations 1.6 and 1.7 exemplify Kröger-Vink notation, which is used to specify 
the defects present in a system. Kröger-Vink notation expresses an A+ cation substituted 
for a M2+ cation in MO as    A M . The notation indicates that the A cation is located on an M 
cation site in the lattice (M subscript) and that it has a negative charge relative to the 
original lattice cation (1+ vs 2+, indicated by superscript slash). Additional Kröger-Vink 
terms are V for vacancies, subscript i to indicate an interstitial site, subscript s to indicate 
a surface site, superscript ˙ (dot) to indicate a relative positive charge on the lattice site, 
and superscript  to indicate a relative neutral charge on the lattice site. 
When impurities or intentional aliovalent cation dopants are present in the oxide 
material, extrinsic defect species can exist in competition with intrinsic defects such as 
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those identified in Equations 1.6 and 1.7. Impurities or aliovalent cations can enter the 
host lattice by either directly substituting on an existing cation site or forming an 
interstitial site. In both cases, the introduced charge from the aliovalent cation must be 
compensated for, typically via a lattice defect of the opposite charge, so that charge 
neutrality can be preserved [68, 69]. 
For a general reaction given as: 
 
  aA + bB cC +dD , Equation 1.8 
 
where A, B, C, and D represent individual components and a, b, c, and d represent the 
relative amounts of each, the mass-action law states that the products and reactants are 
related as follows: 
 
  
K =
A[ ]
a
B[ ]
b
C[ ]
c
D[ ]
d
, Equation 1.9 
 
where K is an equilibrium constant for the reaction. The brackets around the 
components represent their respective concentrations in moles. 
Oxygen partial pressure plays a fairly significant role in the examination of the 
defect chemistry of oxides. Each defect species interacts differently with the atmosphere, 
therefore it is useful to apply the electroneutrality condition and mass-action law to a 
properly-balanced defect reaction to determine the concentration of a specific defect at a 
given oxygen partial pressure (pO2) [68, 69]. 
The pO2 of the ambient atmosphere dictates whether the structure absorbs or 
releases oxygen to compensate for a defect. For example, suppose an MO oxide is doped 
with a metal cation having +2 relative charge to the cation site (  DM
••). If the ambient pO2 
is sufficiently low, oxygen is released from the lattice and two electrons (2e') are formed 
for each   DM
•• incorporated into the lattice [68, 69]: 
 
  DO2
MO( )    DM
•• + OO
 + 1
2
O2 + 2  e  Equation 1.10 
 
  Similarly, an acceptor dopant requires a higher pO2 in order for the lattice to 
absorb oxygen to form a compensating hole (  h•) [68, 69]: 
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  A2O+
1
2
O2
2MO    2  A M +2OO
 +2h• Equation 1.11 
 
In the case of anatase TiO2, if the intrinsic defect is a Schottky disorder, the defect 
reaction shown in Equation 1.12 applies. The equilibrium constant for the formation of a 
Schottky defect, KS, is shown in Equation 1.13. 
 
  TiTi +2OO      V Ti +2VO
•• +TiO2  Equation 1.12 
  
KS =     V Ti[ ] VO
••[ ] = exp
GS
o
RT
 
 
 


	 Equation 1.13 
 
In Equation 1.13,   GS
o  is the standard free enthalpy for the defect reaction. If 
instead the intrinsic defect in anatase TiO2 is a Frenkel cation disorder, Equations 1.14 
and 1.15 apply. 
 
  TiTi + Vi Tii
••••
+     V Ti Equation 1.14 
  
KF =     V Ti[ ] Tii
••••[ ] = exp
GF
o
RT
 
 
 


	 Equation 1.15 
 
Anatase TiO2 is sensitive to changes in pO2 [29, 70-72], which leads to 
nonstoichiometry and activated conductivity depending on the type of defect structure 
present. At temperatures below 580°C and high pO2, Schottky disorders were found to 
be the prominent defect species, with the formation of oxygen vacancies as described by 
Equation 1.16 [71]. Conductivity is proportional to (pO2)-1/6. At higher temperatures and 
low pO2, the Frenkel cation disorder is the dominent defect species, leading to the 
formation of interstitial Ti, as shown by Equation 1.17 [71]. In this case, conductivity is 
proportional to (pO2)-1/5. 
 
  OO VO
••
+ 2  e + 1
2
O2 (g) Equation 1.16 
  TiTi + 2OO T     i i + 4  e +O2 (g)  Equation 1.17 
1.3.3.2 Undoped Anatase TiO2 
In light of the preceding discussion of the defect chemistry of anatase TiO2, bulk, 
single crystal, and thin film undoped anatase can exhibit a wide range of electrical 
properties, all dependent upon the processing conditions. Little electronic property data 
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exists for undoped anatase TiO2, largely due to its high electrical resistivity. From what 
data that does exist, the majority is for thin film deposited anatase. 
Bulk anatase has been shown to have a thermally-activated conductivity due to 
the defect structure [70, 71]. Impedance analysis of porous [73] and nanocrystalline [74] 
ceramics have given insight into the factors affecting the electrical properties of bulk 
anatase. In the case of porous ceramics, resistance decreased as a function of 
measurement temperature [73]. Additionally, both the grain boundaries and grains 
contributed to the overall resistivity of the samples. The results for the nanocrystalline 
ceramics show that resistivity is dominated by the grain interior, yet the grain 
boundaries also had an effect [74]. It should be noted, however, that the nanocrystalline 
ceramics were mixed rutile and anatase TiO2. 
Study of single crystals is beneficial because the grain boundary effects are 
eliminated. Analysis of a single crystal grown by chemical transport reaction methods 
show room temperature resistivity,  ~0.1 -cm [64]. Examination of the behavior of 
resistivity as a function of temperature, reproduced in Figure 1.7, shows that at low 
temperatures    (below 70 K) electrons are thermally activated to the conduction band, 
while at higher temperatures (above 70 K) the carrier concentration is saturated and 
resistivity is dominated by the fall of carrier mobility with rising temperature. It has 
been suggested that the carriers possess a high carrier mobility (>> 1 cm2 V-1 s-1), yet are 
scattered by optical phonons at high temperatures [64]. 
 
 
Figure 1.7: Temperature dependence of resistivity of an anatase single crystal [64]. 
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In the case of sputtered thin film anatase TiO2, the oxygen partial pressure 
utilized during deposition is critical for both the stabilization of the anatase phase as 
well as the resulting electrical properties [26, 29, 67, 72]. For films sputtered on lattice-
matched LaAlO3 (LAO) substrates, conductivity was able to be controlled by varying 
pO2 during deposition, with films deposited at pO2  10-4 Torr showing high 
conductivity with only slight discoloration [26]. However, it was determined that the 
conductivity in these films was due to the presence of a secondary TinO2n-1 phase, which 
exhibits metallic conductivity at room temperature [72]. Thin films deposited on glass 
substrates did not shown the presence of a secondary TinO2n-1 phase [67]. Additionally, 
resistivity of deposited films was shown to significantly change upon post-deposition 
thermal reduction or oxidation, as is expected from the discussion of nonstoichiometry 
in anatase TiO2. Heavily reduced anatase films were found to undergo a metallic 
transition whereby resistivity becomes independent of temperature ( ~0.1 -cm) [67]. 
1.3.3.3 Doped Anatase TiO2 
Even though extensive research has been conducted on the influence of 
impurities on the stability of anatase TiO2 [21, 25, 30, 47, 48, 51, 52], the influence of 
dopants on electrical properties of anatase has also been investigated, especially for use 
in photocatalysis [33], gas sensing [31], and TCO applications [18-20]. Single crystal 
anatase doped with 0.08 wt% Nb showed a significantly lower resistivity                         
( ~10-2-10-3 -cm) [75] than undoped crystals ( ~0.1-1.5 -cm) [64]. The temperature 
dependence of the resistivity, shown in Figure 1.8, shows all carriers are thermally 
activated below 100K, indicating the donor level is shallow [75]. 
 
 
Figure 1.8: Temperature dependence of resistivity of an Nb-doped 
anatase single crystal [75]. 
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 Thin films of doped anatase TiO2 grown by PLD were shown to exhibit 
conductivity suitable for high-performance TCO applications. Specifically, films grown 
on STO and doped with as much as 20 mol% Nb had resistivity on the order of                
3  10-4 -cm [18, 19], which is comparable to ITO. The carrier concentration was found 
to remain independent of temperature, indicative of degeneracy, specifically the 
formation of an impurity band composed of overlapping Nb states near the bottom of 
the conduction band [19]. Hall mobility of Nb-doped TiO2 films was found to be            
22 cm2 V-1 s-1, somewhat lower than ITO. Anatase TiO2 films doped with Ta were found 
to possess electrical properties similar to the Nb-doped films [20]. 
The doping of Nb in combination with Co or Fe in anatase TiO2 has been shown 
to improve the magnetic properties of thin films [43]. In the case of Co-doped TiO2, the 
ferromagnetic interaction between Co ions is enhanced by the addition of carriers 
through Nb doping. In Fe-doped TiO2, the addition of Nb doping induces 
ferromagnetism. These results carry significant importance in the field of spin 
electronics. 
1.3.4 Optical Properties 
Anatase TiO2 possesses a unique set of optical properties that suit it for a wide 
variety of applications. Control of processing conditions and impurities, whether 
intentional or not, can have a direct impact on the various optical properties observed 
for anatase. 
A significant application of anatase TiO2 is its use as a photocatalyst [23, 30, 32-
40] and as such its photoactivity is of interest. In undoped anatase, high photoactivity is 
attained in films deposited at high pO2 due to the formation of small, high-quality 
anatase crystals in the film [58]. However, photoactivity is significantly reduced when 
anatase is doped with Nb [76]. This negative impact is likely due to the formation of new 
recombination centers, an efficient band-to-band recombination with photoholes, and 
degenerate doping levels. 
Visible photoluminescence has been observed in anatase TiO2 thin films and 
single crystals [65-67]. This type of luminescence typically originates from electron-hole 
pairs generated across the band gap [65]. The emission occurs at 2.4 eV, well below the 
band gap energy. This indicates that the visible luminescence comes from self-trapped 
excitons, which are frequently observed in titanates with TiO6 octahedral units and are 
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the result of the interaction of the Ti 3d conduction band states with a hole in the oxygen 
2p states [65]. 
Refractive index of anatase TiO2 films has been shown to be directly correlated to 
the density of the deposited film, with more dense films having a higher refractive index 
[77, 78]. The density of a deposited film can be controlled by sputter power, plasma 
pressure and deposition/annealing temperature. Typically, higher power, lower 
pressure, and higher temperatures lead to higher refractive index, n ~2.45. 
The high conductivity measured in doped anatase TiO2 attracted attention for 
TCO applications because of its large band gap of ~3.2 eV [40, 53, 64-67] and resulting 
transparency when deposited in thin films. In fact, Nb- and Ta-doped anatase TiO2 films 
deposited using PLD are greater than 95% transparent through the visible region of the 
electromagnetic spectrum (400-700 nm) for dopant concentrations up to 3 mol% Nb [18, 
19] and 5 mol% Ta [20]. 
1.4 Delafossite Ceramics 
Delafossite ceramics represent a promising type of transparent conducting oxide 
because of demonstrated bipolar conductivity in some compositions. As mentioned 
previously, the development of p-type transparent semiconducting materials is crucial 
for realizing transparent p-n junctions. The remainder of the chapter is devoted to 
discussion of the design and fabrication of p- and n-type transparent semiconducting 
materials based on the delafossite structure. 
1.4.1 Historical Perspective 
In 1873, the mineral CuFeO2 was discovered by Friedel during the analysis of a 
copper mineral sample from Siberia [79]. This mineral was named “delafossite” in honor 
of the French mineralogist and crystallographer Gabriel Delafosse, whose work 
elucidated interrelationships between crystal symmetry and physical properties. Mineral 
delafossite is typically found near the base of the oxidized zone of copper deposits. Over 
a half-century passed after the mineral’s discovery before further studies were 
conducted on it. Work by Rogers confirmed the mineral’s existence in copper mines in 
America [80, 81]. Soller and Thompson [82] established the crystal structure using a 
synthetically prepared sample, a structure which was confirmed by Pabst [83] using a 
mineral sample. 
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Over the following decades, delafossites received significant attention. Shannon, 
Rogers, and Prewitt detailed the synthesis, crystal structure, and electrical properties of 
a large family of compounds sharing the same structure as delafossite mineral, including 
PtCoO2, PdCoO2, CuFeO2, and AgFeO2 [84-86]. Optical properties of several delafossite 
compounds were analyzed in a series of papers by Benko and Koffyberg [87-90]. Then in 
1997, Kawazoe et al. demonstrated p-type conductivity  (~ 10 S/cm) and transparency in 
a thin film of CuAlO2 delafossite [17]. This discovery was significant for those interested 
in transparent conducting oxides, since most materials discovered to date exhibited only         
n-type conductivity. With the discovery of p-type conducting oxides, the possibility of 
fabricating a transparent p-n junction was fast becoming a reality. 
In order to achieve the reality of a transparent p-n junction, a greater 
understanding of how to control electrical conductivity and optical transparency in 
materials is required. More attention is placed on factors such as crystal chemistry and 
structure to be able to engineer materials to fulfill device requirements. An overview of 
delafossite materials is presented with these factors in mind.  
1.4.2 Structural Overview 
Delafossite ceramics belong to a family of ternary oxides with the general 
formula ABO2. In this structure, depicted in Figure 1.9, the A cation is linearly 
coordinated to two oxygen ions and occupied by a noble metal cation which is 
nominally in the 1+ oxidation state. Typical A cations include Pd, Pt, Cu, or Ag. The       
B cation is located in distorted edge-shared BO6 octahedra with a central metal cation 
having a 3+ charge. Cations fitting this requirement can be either p-block heavy metal 
cations such as Ga, In, and Al, or transition metal cations such as Fe, Co, and Y. The 
oxygen ion is in pseudo-tetrahedral coordination with one A and three B cations, as 
B3AO.   
The delafossite structure can be simply visualized as consisting of two 
alternating layers: a planar layer of A cations in a triangular pattern and a layer of edge-
sharing BO6 octahedra flattened with respect to the c-axis. Depending on the orientation 
of each layer in stacking, the delafossite structure can form as one of two polytypes. By 
stacking the double layers with alternating A cation layers oriented 180° relative to each 
other, the hexagonal 2H type is formed. This structure has P63/mmc space group 
symmetry. If the double layers are stacked with the A cation layers oriented the same 
direction relative to one another but offset from each other in a three layer sequence, the 
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rhombohedral 3R type is formed. This structure has space group symmetry of   R3 m . 
Both polytypes are shown in Figure 1.9. 
 
 
Figure 1.9: The delafossite structure. (a) 3R polytype,   R3 m  space group 
symmetry; (b) 3R polytype viewed along (110) direction to observe 
stacking sequence; (c) highlighted A cations to visualize three-layer 
stacking in 3R polytype; (d) 2H polytype, P63/mmc space group 
symmetry; (e) 2H polytype viewed along (110) direction to observe 
stacking sequence; (f) highlighted A cations to visualize two-layer 
stacking in 2H polytype. 
1.4.3 Phase Stability 
Ternary oxides with the chemical formula ABO2 can form a variety of structural 
phases. Whether or not one phase will form preferentially over another depends on a 
variety of factors. Of primary importance is the coordination environment of the A and 
B cations. Four individual coordination classes of ABO2 compounds have been identified 
[85]. They are listed in Table 1.1 along with examples of compounds having each 
structure. 
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Table 1.1:  Coordination classes of ABO2 compounds [85]. 
Coordination Class Typical Compounds Symmetry 
  A
VIBVIO2
VI  NaCl Cubic 
 -NaFeO2 Rhombohedral 
 -LiFeO2 Tetragonal 
  A
IVBIVO2
IV  -NaFeO2 Orthorhombic 
  A
VIIIBIVO2
VI  KFeO2 Orhtorhombic 
  A
IIBVIO2
IV  CuFeO2 Delafossite Rhombohedral 
 CuYO2 Delafossite Hexagonal 
 
 
 
 
 
 
The first three coordination classes listed in Table 1.1,   A
VIBVIO2
VI ,   A
IVBIVO2
IV , and 
  A
VIIIBIVO2
VI , form structures which are easily explained by analyzing the radii of the A 
and B cations. The most prevalent coordination class of ABO2 compounds is the type 
AVIBVIO2
VI, in which the A and B cation layers are ordered along the (111) direction of a 
cubic NaCl-type pseudocell [86]. Smaller B cations tend to favor tetrahedral 
coordination, so whether or not the ABO2 compound belongs to the coordination class 
AIVBIVO2
IV  or AVIIIBIVO2
VI depends on the radius of the A cation [86]. A smaller 
coordination environment is favored when A cations are small. Similarly, large A 
cations favor the higher eight-fold coordination environment. Compounds forming the 
delafossite-type ABO2 oxide, with coordination class A
IIBVIO2
IV  consist of A cations with 
the smallest ionic radius of all the ABO2-type oxides [85]. By combining all the ionic 
radius information for ABO2 compounds, a structure field map can be drawn.  This can 
be seen in Figure 1.10.  
 As seen in Figure 1.10, the delafossite structure is possible for only four ions on 
the A cation site, while several B cations are possible. Even when the delafossite phase 
can form for a given A-B cation combination, whether or not it will form depends upon 
a variety of factors. Structure factors have already been discussed with respect to cation 
radius and coordination environment. Thermodynamic factors must also be considered. 
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Figure 1.10: Structure field map of ABO2 oxides [85]. 
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Thermodynamic data of the Cu-Fe-O [91], Cu2O-CuO-()Ga2O3 [92], and Cu2O-
CuO-Al2O3 [93] systems show that other ternary phases, typically AB2O4 spinel, exist for 
all systems. In the case of the Cu-Fe-O system, the delafossite phase is only observed 
when temperature exceeds 1000°C and pO2 is lower than 10-3 atm [91]. CuGaO2 is not a 
stable phase in the Cu2O-CuO-()Ga2O3 system until pO2 is lower than 10-4 atm [92]. For                
pO2 = 10-4 atm, CuGaO2 is stable for the temperature range 700-1025°C. When pO2 is 
decreased to 10-6 atm, the stability range extends to about 550°C. 
The CuAlO2 delafossite phase is stable for a specific set of conditions. These 
conditions are governed by the following reactions, given with their respective free 
energies of formation [93]: 
 
4Cu +O2 +2Al2O3 4CuAlO2  Equation 1.18a 
G o = 383.1+0.1642T kJ/mol  Equation 1.18b 
 
8CuAlO2 +O2 4CuAl2O4 +2Cu2O  Equation 1.19a 
G o = 92.32+0.06297T kJ/mol  Equation 1.19b 
 
4CuAlO2 +O2 2CuAl2O4 +2CuO  Equation 1.20a 
G o = 185.1+0.1254T kJ/mol Equation 1.20b 
 
These reactions form the boundaries of stability regions for the various phases 
existing in the Cu2O-CuO-Al2O3 system. They are plotted together on the Ellingham 
diagram shown in Figure 1.11. Additionally, the Equations 1.18-1.20 are useful for 
creating a temperature-log pO2 phase diagram, shown in Figure 1.12. 
For the Cu2O-CuO-Al2O3 system, the delafossite CuAlO2 phase is stable at 
temperatures higher than 1000°C for pO2 = 0.21 atm and 1050°C for pO2 = 0.4 atm [93].   
The preceding discussion of thermodynamic stability of some copper-based 
delafossites shows that the optimal synthesis conditions typically occur at high 
temperature and low pO2. This topic will be addressed again when the synthesis of 
delafossites is further discussed. 
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Figure 1.11: Ellingham diagram for the Cu2O-CuO-Al2O3 system.  
Thermodynamic data from [93]. 
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Figure 1.12: Temperature vs. log pO2 phase diagram for the Cu2O-CuO-Al2O3 
system.  Thermodynamic data from [93]. 
1.5 Crystal Chemistry of Delafossites 
The following discussion of the crystal chemistry of delafossite compounds will 
be focused on copper-based delafossites. Similar crystallochemical factors apply to Ag-, 
Pt-, and Pd-based delafossites, so the discussion will be applicable for those compounds 
as well. 
Ionic copper is a transition metal that has completely-filled 3d electron orbitals 
when in the 1+ oxidation state. The next available orbital energy is the 4s orbital. In the 
delafossite structure, each copper ion has two ligands bonded to it in a linear 
coordination. This has a direct effect on the crystal field splitting that occurs among the 
filled 3d orbitals.   
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The linear coordination of the copper ions suggests that the copper 4s orbital 
may be interacting with either the 3p or 3d orbitals to form a covalent bond with the two 
oxide ligands [61]. Typically, one would expect the s and p orbitals to interact to form 
some sort of sp hybrid. However, in copper, the energy difference between the ground 
d10 state and the excited d9s state is only 2.7 eV [61], so s-d mixing is favorable. The 
hybridization of the           s orbital with the dz2 orbital favors a linear coordination by 
removing charge from the region between the ligands and metal ion, as shown in Figure 
1.13 [61, 86, 94, 95]. The two orbitals formed from this s-dz2 hybridization have the forms:  
 
1 =
1
2
d
z2
 s( ) Equation 1.21a 
2 =
1
2
d
z2
+ s( )  Equation 1.21b 
 
 
  (a) (b) 
Figure 1.13: (a) The dz2 and s orbitals, (b) the s - dz2 and s + dz2 orbitals [61]. 
 
Strong bonding is formed along the z-axis due to the transferring of charge to the    
xy plane in the (s - dz2) orbital. The copper ion therefore has one hybridized orbital along 
the bonding axis (c-axis of the unit cell) with oxygen. In addition to the (s + dz2) orbital, 
the 3pz orbital of copper lies along the c-axis.  
The oxygen ions are in tetrahedral coordination with one copper and three B 
cations. Tetrahedral coordination for oxygen leads to a hybridization of the 2s and 2p 
orbitals to a quadruply-degenerate sp3 orbital structure [3, 86, 94, 96, 97]. One node of the 
hybridized sp3 oxide orbital forms a  bond with the copper pz and hybrid (s + dz2) 
orbitals. The other three nodes form  bonds with the p orbitals of three B cations. 
The flattened BO6 octahedral layers also contribute to the crystal chemistry of the 
delafossite structure. This octahedral arrangement causes the B cations to be arranged in 
planes with no oxygen ions between adjacent B cations (refer to Figure 1.9). When the B 
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site is occupied by a p-block heavy metal cation, the s-orbitals are sufficiently large so 
that there is overlapping between adjacent cations, forming a wide conduction band [3, 
97].   
1.6 Electrical Properties of Delafossites 
There are key features of the delafossite structure that facilitate both n- and          
p-type conductivity. It is the two-fold coordination of the copper ions to oxide ions 
which favors p-type conductivity, as indicated by p-type Cu2O, which has copper in the 
same coordination environment [3, 97-100]. Additionally, the BO6 octahedral layer 
facilitates n-type conductivity if the B cation is a p-block heavy metal cation with an ns0 
electronic configuration [3, 97-100]. In this section, the electrical properties of 
delafossites will be examined more closely with respect to the band structure, carrier 
transport, and defect chemistry. 
1.6.1 Band Structure 
By using the knowledge of crystal field splitting of A cations in the presence of 
oxide ions, a simple band diagram can now be constructed. The interaction of the hybrid 
sp3 oxide orbital with the pz and hybrid (s + dz2) A cation orbitals creates a bonding 
valence band and an antibonding conduction band separated by an energy gap [86]. The 
other hybrid (s – dz2) can be considered nonbonding due to its orientation in the xy plane 
(refer to Figure 1.13b) [96]. The dxz and dyz orbitals are degenerate due to the component 
in the z-direction and can also be considered nonbonding. They are slightly higher in 
energy than the nonbonding      (s – dz2) orbital, yet overlap it to form a broad valence 
band [86]. The remaining d orbitals   (dxy and dx2-y2) are degenerate with all nodes existing 
in the xy plane and have the lowest energy of all the A cation d orbitals. The band 
structure as a result of O-A-O bonding can be seen in Figure 1.14.  
Density of states analysis [95, 99, 101-108] as well as x-ray and ultraviolet 
photoemission spectral analysis [3, 97, 99, 108-110] of copper-based delafossites support 
this band structure model. Density of states analysis has also shown that the B cation 
does not provide a large contribution of electron energy states near the valence or 
conduction bands shown in this band structure [95, 102-106]. This suggests that the main 
conduction path would be in the plane of A cations in the structure.  In fact, the A-A 
cation distance is sufficiently small to cause overlap of neighboring d orbitals, thus 
creating what is essentially a metallic band. The A-A cation distance in several 
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delafossite materials is listed in Table 1.2, along with the typical metallic bond length 
found for the respective A cations. 
 
 
Figure 1.14: Band structure model of O-A-O bonding based on the crystal 
field model. 
 
As seen in Figure 1.14, the number of electrons in the d orbitals of the A cation 
determines whether the delafossite material is intrinsically insulating or conducting. For 
delafossites with an A cation having d9 electron configuration, metallic conductivity is 
expected, especially considering the d orbital overlap existing in the basal plane. Metallic 
conductivity is demonstrated in PdCoO2 [86, 94, 111] and PtCoO2 [86, 111]. Also in these 
compositions, the A-A distance is comparable to the bond length in the noble metal. 
Delafossites with an A cation having d10 electron configuration have completely filled 
bands, so they exhibit insulating or semiconducting behavior. Cu-based and Ag-based 
delafossites fit into this category. Table 1.2 shows that, especially for Cu-based 
delafossites, the A-A distance is considerably greater than the metallic bond length. 
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Table 1.2: A-A cation distance in several delafossite compositions, 
as well as metallic bond length typical for each A cation [85]. 
A Cation 
Delafossite 
Compound 
A-A Cation 
Distance (Å) 
Metal Bond 
Length (Å) 
Pt PtCoO2 2.83 2.77 
Pd PdCoO2 2.83 2.75 
 PdCrO2 2.92  
 PdRhO2 3.021  
Cu CuCoO2 2.849 2.56 
 CuAlO2 2.857  
 CuCrO2 2.975  
 CuGaO2 2.975  
 CuFeO2 3.035  
Ag AgCoO2 2.873 2.89 
 AgAlO2 2.89  
 AgCrO2 2.984  
 AgGaO2 2.989  
  AgFeO2 3.039   
 
 
 
1.6.2 Carrier Transport 
The band structure model of Figure 1.14 suggests that conductivity through the 
structure should be highly anisotropic. This is because the main conduction paths lie in 
the overlapped d electron orbitals of the A cation. The A cations are arranged in sheets 
perpendicular to the c-axis (refer to Figure 1.9), indicating that the main conduction 
paths through the crystal should also be perpendicular to the c-axis. 
Anisotropic conductivity is indeed observed in delafossite compounds, as seen in 
Table 1.3 [86, 110, 112]. As evidenced from the data, anisotropy is not limited to the 
metallic Pt- and Pd-based delafossites. It is not typical for semiconductors to exhibit an 
anisotropic conductivity activation energy [86], which is indicated in Table 1.3 for many 
Cu- and Ag-based delafossites. The reason for this anisotropy could lie not in the 
generation of charge carriers, but in the mobility of carriers. It is highly likely that carrier 
mobility is nonactivated in the basal plane but activated in the c direction [86]. This 
behavior is consistent with carrier transport via a polaron hopping mechanism [3, 15, 17, 
65, 67-69, 77, 82, 86, 92-99].  
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Table 1.3: Anisotropic conductivity in various delafossite compounds. 
Compound   || c (S/cm) EA || c (eV)    c (S/cm) EA  c (eV) Ref 
PtCoO2 1000 -- 3.3 x 105 -- [86] 
PdCoO2 480 -- 5 x 105 -- [86] 
CuCoO2 2 x 10-8 0.70 5 x 10-6 0.20 [86] 
CuFeO2 3.3 x 10-4 0.23 2 0.05 [86] 
CuFeO2 6.5 x 10-7 0.94 3.1 x 10-4 0.28 [112] 
CuAlO2 -- -- 0.34 0.22 [110] 
CuGaO2 -- -- 6.3 x 10-2 0.13 [110] 
AgFeO2 5 x 10-11 0.80 3.3 x 10-8 0.70 [86] 
AgCoO2 -- -- 6.7 x 10-5 0.11 [86] 
AgInO2 -- -- 1 x 10-4 0.15 [86] 
AgGaO2 -- -- 2 x 10-8 0.50 [86] 
 
 
In addition to the copper-based delafossites listed in Tables 1.2 and 1.3, several 
other compositions have been investigated. Figure 1.15 shows a periodic table of copper-
based delafossite compounds. The maximum reported conductivity and carrier 
concentrations, if known, are reported in addition to the compound. The subscripts f and 
b represent data from thin films and bulk ceramics, respectively. 
There has been limited success with doping delafossite compounds in order to 
enhance intrinsic conductivity. So far, the greatest success has been attained for p-type 
dopants. The reasons for this apparent unipolarity will be discussed in upcoming 
sections. Table 1.4 lists the doped delafossite compositions investigated to date and the 
reported maximum conductivity for each. 
 
 
Table 1.4: Conductivity of various doped delafossite compositions.   
Compound Max Solubility Bulk/Film  (S/cm) Type Ref 
CuCr1-xMgxO2 x = 0.05 film 220 p [113] 
CuCr1-xMgxO2 x = 0.05 bulk 0.01 p [89] 
CuAl1-xMnxO2 x = 0.03 bulk < 10-6 p [114] 
CuY1-xCaxO2 x = 0.02 film 1 p [115] 
CuIn1-xCaxO2 x = 0.07 film 2.8 x 10-3 p [9, 100] 
CuIn1-xSnxO2 x = 0.05 film 0.44 n [102] 
CuGa1-xCaxO2 x = 0.05 bulk 5.6 x 10-3 p [88] 
CuFe1-xMgxO2 x = 0.05 bulk 8.9 p [90] 
CuFe1-xSnxO2 x = 0.05 bulk 2.4 x 10-4 n [90] 
CuSc1-xMgxO2 x = 0.05 film 30 p [15] 
AgIn1-xSnxO2 x = 0.05 film 20-70 n [97, 110, 116] 
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1.6.3 Defect Chemistry 
Stoichiometric delafossite compounds have been found to possess intrinsic 
semiconducting behavior [3, 17, 89, 90, 99, 113, 117]. Undoped CuAlO2 possesses 
intrinsic p-type conductivity at room temperature [17, 95, 97, 99, 104, 109, 110, 118, 119]. 
Possible sources of this behavior include cation vacancies, i.e.,  V Cu  or    V Al , or interstitial 
oxygen,   O i , all of which are electronically compensated by the production of holes. This 
conducting behavior is also observed in CuGaO2 [3, 99, 120], CuInO2 [100, 120], CuCrO2 
[113], and CuFeO2 [90] delafossites, indicating that analysis of possible defect structures 
in delafossites is necessary for understanding the conduction mechanism and dopability 
of these materials. 
It has been proposed that the interstitial oxygen site in delafossites is located in 
the Cu-containing basal plane, as depicted in Figure 1.16. The size of the interstitial site 
is dependent upon the Cu-Cu distance, which is directly affected by the B cation size. In 
order for oxygen to occupy the interstitial site, the site must possess a radius larger than 
1.22 Å, which corresponds to the effective ionic radius of oxygen in three-fold 
coordination [121]. Figure 1.17 shows how the size of the interstitial site changes as the  
B cation is changed. 
Figure 1.17 suggests that interstitial oxygen is not plausible in CuAlO2 and 
CuGaO2 due to the interstitial site being smaller than the ionic radius of oxygen. 
Therefore, the dominant defect species in these compositions is expected to be cation 
vacancies (  V Cu ,    V Al , or    V Ga ) or some associated defect complex. 
 
 
 
Figure 1.16: The interstitial oxygen site in the delafossite structure. 
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Figure 1.17: Interstitial oxygen site radius for various B cations in Cu-
based delafossites.  Also shown is the effective ionic radius of oxygen in 
three-fold coordination. 
1.7 Optical Properties of Delafossites 
Materials with the delafossite structure captured the attention of researchers due 
to their transparency when deposited as thin films. Since the original discovery of 
transparent p-type CuAlO2 in 1997 [17], several compositions have been studied to 
determine the nature of the electrical and optical properties of the delafossite structure. 
The main criterion for optical transparency is a band gap (Eg) that is sufficiently wide so 
as to avoid absorption of photons with energy falling in the visible portion of the 
electromagnetic spectrum. 
As discussed in Sections 1.5 and 1.6.1, the crystal field splitting of the d electron 
orbital states of the A cations forms the band gap that exists between the valence and 
conduction bands. The width of this gap depends primarily upon the radius of the B 
cation, although Cu-based delafossites have wider band gap than Ag-based delafossites 
[3, 99, 110, 122]. It is expected that band gap width would decrease with increasing size 
of B cation [120], however this is not typically the case, given that CuAlO2, CuGaO2, and 
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CuInO2 have been found to have Eg = 3.5, 3.6, and 3.9 eV, respectively [3, 17, 97, 99, 100, 
109, 110, 119, 123]. The optical transmission properties of CuGaO2 and CuAlO2 are given 
in Figure 1.18 [3]. Experimentally determined optical band gaps for several delafossite 
compositions are given in Table 1.5. 
 
 
Figure 1.18: Optical transmission spectra of (A) CuAlO2 and (B) CuGaO2 [3]. 
 
Table 1.5: Experimentally determined optical band gap and percent 
transmission (%T) in the visible region for several delafossite compositions. 
Compound Eg (eV) %T (~ 500 nm) Source(s) 
CuAlO2 3.50 70-90 [3, 17, 97, 99, 109, 110, 119] 
CuGaO2 3.60 70-80 [3, 97, 110, 123] 
CuGaO2 3.40 70 [109] 
CuGaO2 2.72 -- [88] 
CuYO2 3.50 60 [124] 
CuYO2:Ca 3.50 50 [124] 
CuFeO2 2.03 -- [90] 
CuCrO2:Ca 3.35 -- [89] 
CuScO2+x 3.30 40 [117] 
CuScO2 3.70 70 [125] 
CuInO2:Ca 3.90 50-70 [100] 
CuInO2:Sn 3.90 50-70 [100] 
AgCoO2 4.15 40-60 [15] 
AgInO2 4.20 80 [3, 122] 
AgInO2:Sn 4.1-4.4 70-80 [3, 99, 110, 116, 122] 
1.8 Synthesis of Delafossites 
As previously mentioned (refer to Section 1.4.3), solid state synthesis of copper-
based delafossites typically must occur at temperatures of 1000°C or higher and                 
pO2 < 0.2 atm [91-93]. Delafossites with the other A cations (Pt, Pd, and Ag), require 
synthesis at lower temperatures because their respective metal oxides have low 
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decomposition temperatures [84]. In this section, various synthesis techniques for the 
delafossite phase will be discussed. 
1.8.1 Low Temperature Synthesis Techniques 
The low decomposition temperatures of noble metal oxides of Pt, Pd, and Ag 
pose a hindrance to the formation of highly crystalline oxide phases containing these 
metals [84]. In order to overcome this obstacle, various closed-system and otherwise low 
temperature synthesis techniques have been employed. Of particular interest are 
metathesis, high-pressure, hydrothermal, oxidizing flux, cation exchange, and other 
chemical solution reactions. 
 Metathetical reactions are essentially anion exchange reactions which take place 
in the solid state [84, 126]. Regarding the formation of the delafossite phase, the halide of 
a chosen noble metal is reacted with a B cation oxide precursor in a sealed silica 
ampoule and heated to a temperature approaching 900°C [84, 94]. No external pressure 
is required for synthesis. Example metathetical reactions for the synthesis of PdCoO2 
and CuFeO2 are shown in Equations 1.22 and 1.23. The halide salt reaction product can 
be removed by leaching with H2O to leave a single-phase delafossite product [84]. 
 
PdCl2 +2CoO PdCoO2 +CoCl2  Equation 1.22 
 
CuCl +LiFeO2CuFeO2 +LiCl Equation 1.23 
 
Hydrothermal reactions involve reacting oxide precursors in an aqueous solution 
of either HCl or NaOH [84, 127, 128]. Typical reactions of this type are carried out in 
sealed, thin-walled platinum or gold tubes at temperatures ranging from 500-700°C and 
an externally-applied pressure of 3000 psi [84]. A recently developed hydrothermal 
synthesis technique has proven successful in producing CuAlO2 [127] and AgInO2 [128] 
at low temperature and pressure. This hydrothermal technique involves reacting oxide 
precursors in an aqueous NaOH solution sealed in a FEP (fluoro(ethylene-propylene)) 
Teflon pouch in an autoclave at a temperature of 175°C. 
Oxidizing flux synthesis techniques are a means to facilitate cation exchange 
reactions. In this technique, a low melting point flux, typically a chloride or nitrate from 
of one of the components, is utilized as a catalyst for the cation exchange reaction [84, 
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129-131]. These types of reactions involve a temperature of approximately 350°C and 
take up to 4 days to complete [129, 131]. 
Other low temperature chemical solution synthesis techniques attempted for 
various delafossite compounds include the sol-gel method. CuAlO2 has been 
successfully dip-coated onto a silica glass substrate using a mixture of copper acetate 
hydrate, ethanol, 2-methoxyethanol, and butanolic 1.0M aluminum-trisec-butoxide 
solution [132]. Additional solution synthesis methods have been attempted for CuAlO2, 
involving mixtures of various copper and aluminum sources and a dip-coating 
technique [133]. 
1.8.2 High Temperature Solid State Synthesis 
The method most typically employed to synthesize many oxide compounds is 
high temperature solid state synthesis with oxide precursors. In this technique, the 
binary oxides of the desired component materials are reacted at an elevated temperature 
and in a controlled atmosphere. Thermodynamic analysis shows that this synthesis 
technique is possible for copper-based delafossites [91-93]. 
From the discussion of the stability of copper-based delafossites (refer to Section 
1.4.3), it is seen that the delafossite phase is typically only stable at elevated 
temperatures [91-93]. Therefore, a rapid quench following the high-temperature reaction 
is necessary to “freeze-in” the delafossite phase.   
1.8.3 Thin Film Deposition Techniques 
Equally important as the ability to stabilize the delafossite phase during 
synthesis is the ability to deposit the resulting material as a thin film on a substrate. 
Typically, sintered disc samples are required as a deposition source for thin films. A 
variety of thin film deposition techniques have been employed for the various 
delafossite materials in existence. The use of one technique instead of another can 
depend on such factors as phase stability and maximum deposition temperature. Some 
thin film deposition techniques commonly used for creation of delafossite films include 
PLD, chemical vapor deposition (CVD), and radio frequency (RF) sputtering. 
PLD, also called laser ablation, has been used to deposit thin films of CuAlO2 [3, 
17, 97, 99, 109, 110, 134], CuInO2 [98, 100], CuGaO2 [3, 97, 110, 123, 135], AgInO2 [97, 110, 
116], and CuScO2 [125]. In general, this technique utilizes a high-energy laser pulse, 
typically from a KrF excimer laxer, to vaporize a sintered disc target to deposit a thin 
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film on a variety of substrates. Common substrate materials are sapphire, quartz, and 
yttria-stabilized zirconia. This technique requires a substrate temperature ranging from 
450-700°C and a base pressure of 10-6 Pa.  
CVD was used to deposit CuAlO2 films from metalorganic precursors [136]. This 
deposition technique requires relatively low pressure, typically on the order of 5-10 Pa. 
For the CuAlO2 deposition, a quartz substrate at a temperature of 745°C was used [136]. 
RF sputtering deposition techniques have been utilized to deposit thin films of 
CuGaO2 [109], CuGa1-xFexO2 [15], CuScO2 [115, 117], CuCr1-xMgxO2 [113, 115], and 
AgInO2 [3, 122]. This deposition technique requires a vacuum pressure of approximately 
10-4 Pa. Deposition temperature can range from 100-700°C, and the substrate material is 
typically SiO2 glass.  
From the preceding overview of the differing thin film deposition techniques 
utilized, one can easily see the wide rage in temperatures and vacuum pressures 
employed. Substrate temperature may become an issue when considering the fabrication 
of transparent semiconducting devices, since elevated temperatures may cause reaction 
between device layers [3, 16].   
1.9 Bipolar Doping 
A current research thrust in the general subject area of TCOs is to develop 
transparent semiconducting devices. The key factor limiting the immediate development 
and use of such devices is the inability to dope a single material both n- and p-type. So 
far, the only example of a transparent p-n homojunction was fabricated using bipolar 
CuInO2 delafossite. This diode showed rectifying behavior with a turn-on voltage of 1.8 
V and transmission of 60-80% through the visible region of the electromagnetic 
spectrum [9, 98]. The performance of this p-n junction is severely limited by the low 
conductivity of CuInO2 compared to other TCOs [9, 15, 16, 98, 100, 102], thus the best 
performing transparent diodes have been constructed from materials with very different 
crystal structures. 
For example, there has been success in fabricating a transparent                          
p-n heterojunction diode from n-type ZnO and p-type SrCu2O2, which has been shown to 
exhibit rectifying characteristics with a turn-on voltage ranging from 0.3-0.6 V and 
maintain 70% transparency [3, 9, 16]. In addition, UV emission from the diode was 
observed at room temperature [3, 9]. A transparent p-n heterojunction diode has also 
been fabricated with n-ZnO and p-CuAlO2, exhibiting rectifying behavior with a turn on 
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voltage ranging from 0.4-1.0 V, optical transparency of 43%, and a photovoltage when 
exposed to blue and violet LEDs [134].   
Despite the moderate success of fabricating transparent p-n heterojunctions, the 
preferred transparent diode is one constructed from a single bipolar material. The 
advantages of fabricating a diode from a bipolar material include lattice matching and 
ease of deposition [3, 9, 16, 98]. The latter is especially important if thermal stability of an 
oxide layer is an issue since the fabrication temperature of individual TCOs may vary by 
over 200°C in some cases.   
The present examples of transparent p-n junction diodes represent encouraging 
news for the future of transparent semiconducting devices. However, it is apparent that 
the future of transparent diodes lies in the development of bipolar transparent 
semiconducting oxides with high conductivity, mobility, and optical transparency. An 
emerging area of interest is that of codoping, where the desired conductivity type can be 
established in a material by doping it with both donors and acceptors. 
1.9.1 Codoping ZnO 
Zinc oxide represents an inexpensive replacement to ITO since doping with Al or 
Ga has led to conductivity and mobility matching that of ITO [4, 6]. Because of this, there 
has been an effort to develop p-type ZnO utilizing a codoping technique [137-146]. The 
approach focuses on minimizing the effect of intrinsic n-type defects present in ZnO. 
The defects arise from non-stoichiometry, specifically zinc interstitials (Zni) as a result of 
voids and oxygen vacancies (VO) [137-146]. By suppressing the formation of these 
defects, it is thought p-type conductivity can be achieved. 
The codoping theory was first proposed by Yamamoto and Katayama-Yoshida 
[137-140]. Their theoretical work involved calculating the electrostatic lattice energy, 
called the Madelung energy, for supercells containing the dopant concentration of 
interest. They reported that Madelung energy was decreased relative to undoped ZnO 
when codoped with a 2:1 ratio of N acceptors and Al, Ga, or In active donors [137-140]. 
In effect, a decrease in Madelung energy represents an energetically-favored crystal 
structure. 
Theoretical results of codoped ZnO showed that an acceptor-donor-acceptor 
complex is formed in which an acceptor-donor pair occupy nearest-neighbor sites in the 
structure. The second acceptor occupies a next-nearest-neighbor site. This is compared 
to the structure obtained when an acceptor is doped into the structure individually. 
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Crystal structure models of the two cases are given in Figure 1.19 for N-doped ZnO and 
ZnO codoped with Ga and N [137-140]. It is believed that the acceptor-donor-acceptor 
complex helps stabilize the integration of acceptors into the structure since the 
electrostatic interaction between nearby acceptors is reduced by the added donor site. In 
addition, the acceptor-donor-acceptor complex causes the acceptor energy level to 
decrease while at the same time raising the donor energy level with respect to their 
levels if singly doped, as depicted in Figure 1.20 [139, 140, 146]. This behavior is a result 
of the electrostatic interaction between the acceptor and donor ions. 
 
 
Figure 1.19: Crystal structure models of doped ZnO: (a) doped with N 
only; (b) codoped with Ga:N = 1:2 [137-140]. 
 
 
Figure 1.20: Depiction of changes in donor and acceptor energy levels 
when codoping model is applied [139, 140]. 
 
The codoping theory has been experimentally applied using nitrogen as the 
acceptor dopant and gallium as the reactive donor dopant to attempt fabrication of thin 
films of p-type ZnO [141-145]. The first reported p-type films were codoped with Ga and 
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N using PLD [141, 142]. A nitrogen atmosphere was maintained in the deposition 
chamber by passing N2 or N2O through an electron cyclotron resonance (ECR) plasma 
source. Variables in the fabrication process included ambient pressure, amount of Ga 
dopant, and whether the ECR source was powered on during deposition. p-type doping 
was achieved in films with N2O gas source operating at a pressure of 10-6 atm, the ECR 
source powered on, and up to 5 wt% Ga2O3 doped into the ZnO target [141, 142]. The 
highest reported conductivity of 172 S/cm and mobility of 0.96 cm2 V-1 s-1 was observed 
for a film with 0.1 wt% Ga2O3 reactive codopant deposited on a sapphire substrate [142]. 
Codoped ZnO films have also been fabricated using RF diode sputtering [144], 
radical source molecular beam epitaxy (RS-MBE) [143], and PLD with an RF radical 
source gun for N incorporation [145]. By controlling the oxygen partial pressure in the 
RF diode sputtering system, p-type conductivity is observed in ZnO films codoped with 
Ga and N [144]. The best results for this fabrication method were for an oxygen partial 
pressure of 60%, giving conductivity of 0.085 S/cm and a mobility of ~6 cm2 V-1 s-1 [144].   
Experiments conducted on films fabricated using RS-MBE showed that p-type 
conductivity is not observed on films codoped with Ga and N [143]. When N was used 
as the only dopant, a high dopant concentration was achieved, but the films still 
exhibited n-type conductivity. However, when Ga was added as a reactive donor 
dopant, incorporation of N into the structure was enhanced, yet p-type conductivity was 
not observed [143]. Secondary ion mass spectroscopy (SIMS) and x-ray diffraction (XRD) 
results showed that a secondary phase of ZnGa2O4 was present, causing the conductivity 
results to be convoluted and add questionability to the application of the codoping 
theory [143]. 
No p-type conductivity was observed on Ga and N codoped ZnO thin film 
samples prepared using PLD with an RF radical source gun [145]. It was found that by 
adding N, the carrier concentration decreased as compared to films doped with Ga 
alone, yet there was no relation between number of carriers and concentration of N 
incorporated into the structure [145]. XRD results of the film indicated a c-axis length 
expansion as large as 2% when the Ga:N ratio is 1:1. The large expansion could be the 
result of a bond formation between Ga and N, causing the compensation observed in the 
carrier concentration results [145]. It is thought from these results that the formation of 
the N-Ga-N complex could be quasistable and that the film deposition temperature may 
have an effect on the formation of the complex. A more stable Ga-N pair could be 
formed with excess N acting as a self-compensation center [145]. 
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The previous discussion shows there exists a considerable amount of 
irreproducibility in attempting to produce p-type conductivity in ZnO films using the 
proposed codoping method. By using a first-principle total energy method and a 
supercell approach, Zhang et al. [147] showed that the results obtained by Joseph et al. 
[141, 142] were not due to codoping, but due to the incorporation of molecular NO as a 
dopant. To form     p-type ZnO, the formation of a shallow acceptor NO is required.   
Results obtained by Joseph et al. [141, 142] indicated the p-type conductivity was 
achieved when the ECR plasma source was powered on and the nitrogen source was 
N2O. The ECR plasma can cause the N2O molecules to break up into N2, O2, NO, NO2, 
etc [147]. The formation of NO is achieved as follows: 
 
N2ONO+N  Equation 1.24 
 
According to Zhang, the atomic nitrogen produced in Equation 1.24 will react 
with the Ga dopant to form GaN precipitates in the film, changing Equation 1.24 into the 
following irreversible reaction [147]: 
 
N2O+GaNO+GaN  Equation 1.25 
 
By favoring the formation of NO, the p-type carrier concentration can be 
enhanced in ZnO. However, the GaN precipitates act as film defects, leading to poor 
mobility as observed by Joseph et al. [141, 142]. When no Ga doping is present, p-type 
conductivity is still observed, however, carrier concentration is extremely low because 
the reversible reaction in Equation 1.24 is strongly favored to the left.  
While the codoping theory has exhibited questionable results, a new theoretical 
approach to introduce p-type conductivity into ZnO has been suggested. Related to 
codoping, this theory involves “cluster doping,” in which a complex of 4N + Ga is 
introduced into the ZnO structure [148]. In this theory, proposed by Wang and Zunger 
[148], local chemical bonding energy, Eb, and formation enthalpy, Hf, are examined for 
various doping schemes. Those schemes showing a lower Eb relative to the undoped 
structure while maintaining a low Hf and ionization energy are proposed to be suitable 
for enabling p-type conductivity. The theory predicts that p-type conductivity is 
achievable when using Ga and NO as the dopant sources in Ga-N4 or Ga-N3O clusters. 
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1.9.2 Delafossites 
Despite the questionability of the codoping results found for ZnO, the technique 
may prove useful in realizing bipolar delafossite materials. Delafossites have an 
advantage over other TCO materials in that they can be doped p-type, however, this 
phenomenon is no longer an advantage if n-type conductivity is not also achieved in the 
same composition. To date, one delafossite composition, CuInO2, has successfully been 
doped both n- and p-type [98, 100, 102, 120].   
The apparent lack of n-type dopability in delafossites is not unlike the so-called 
“doping limit rule” observed in many wide-gap II-VI and I-III-VI2 semiconductors and 
TCOs [120, 149, 150]. According to the doping limit rule, the ability for a material to be 
doped is related to the absolute position of the valence band maximum and conduction 
band minimum with respect to the vacuum energy [150, 151]. As intentional dopants are 
added, the Fermi energy, EF, is shifted toward the conduction band in n-type doping and 
toward the valence band in p-type doping. As EF approaches the conduction band edge 
when donor doped, the formation energy of spontaneously formed acceptors decreases; 
these spontaneous acceptors compensate for the intentional donor dopants and act to 
impose a limit on a material’s dopability. The analog is also true in acceptor doping. This 
compensation by spontaneous donor or acceptors effectively pins EF at some energy 
near the band edge. 
Studies have been conducted in the III-V [149] as well as the II-VI and I-III-VI2 
[150] systems to identify the position of the pinning energies relative to band edges for 
materials in those systems. The position of EF is related to free carrier concentration (Nn 
or Np) by the Fermi-Dirac integral, which is expressed as follows (single parabolic band 
approximation): 
 
N n(p ) =
1
2 2
2mn(p )
( )
3
2 E
1
2
exp E EF
n(p )( ) /kT[ ] +1
dE
0

 , Equation 1.26 
 
where mn(p )
  is the appropriate carrier effective mass. The pinning energy, Epin
n  or Epin
p , 
can be determined experimentally by solving Equation 1.25 for EF
n(p ) , which is equal to 
Epin
n(p )  at the maximum free carrier concentration, N n(p ) . 
Figure 1.21 shows the band and Epin
n(p )  alignments for the II-VI and I-III-VI2 
systems [150]. The long dashed lines on each side of the figure denote the pinning 
energy for each system. The small solid lines represent experimental values calculated 
   44  
using Equation 1.26. As seen in this figure, the experimental results agree with 
theoretical calculation, with only few exceptions. In general, if there is a large energy 
gap between the pinning energy and band maximum (or minimum), doping is difficult, 
if not impossible for all practical purposes. The results of the band position studies show 
that in general, materials are easily doped p-type if the valence band maximum is high, 
while n-type doping is favored in materials with a low conduction band minimum [120, 
149-151]. This further means that good p-type conductors have small work function 
while good n-type conductors have high, positive electron affinity. 
 
 
Figure 1.21: Band and Epin
n(p )  alignments for the II-VI and I-III-VI2 systems.  
Notation C/D means the experimental Epin
n(p )  were “consistent with data” 
and M/D means “missing data” due to doping level too low to be 
measured [150]. 
 
In the case of ZnO, Figure 1.21 shows that it has a low conduction band 
minimum, which supports the ease in achieving n-type conductivity. While no ternary 
oxides were included in studies so far, the results given of I-III-VI2 semiconductors may 
give some insight into predicting their properties. For example, the results for CuInS2 
and CuInSe2 indicate that both materials should be able to be doped both n- and p-type, 
which has been observed for CuInO2. Also, both CuAlSe2 and CuGaSe2 indicate p-type 
dopability only, something which has also been observed in both delafossite oxides. It is 
reasonable to conclude from this data that the band alignment for various delafossite 
compositions would appear very similar to the right half of Figure 1.21.  
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The doping behavior in delafossite materials can further be explained by 
analyzing of the band structure of CuInO2 compared to those of CuAlO2 and CuGaO2. 
Experimentally-determined optical band gaps of the three delafossites show a trend of 
increasing band gap with increasing B cation atomic number: Eg(CuAlO2) = 3.5 eV [3, 17, 
97, 99, 109, 110, 119], Eg(CuGaO2) = 3.6 eV [3, 97, 110, 123], Eg(CuInO2) = 3.9 eV [100]. 
This trend is the opposite of that observed in other semiconductors containing Group III 
elements. The typical trend arises when one considers the atomic size of the Group III 
ions: as unit cell volume increases with ionic size, the conduction band minimum should 
decrease as the antibonding character of the band edge states increase [120].   
Nie et al. [120] calculated the band structures of CuAlO2, CuGaO2, and CuInO2 
using local density approximation (LDA) as implemented by the general potential 
linearized augmented plane wave (LAPW) method. Additionally, the matrix elements 
for direct transitions between band edge states were calculated. The results of both 
calculations are reproduced in Figure 1.22. 
Figure 1.22 shows that the direct band gap at  for each material does in fact 
decrease: 2.93 eV for CuAlO2, 1.63 eV for CuGaO2, and 0.73 eV for CuInO2 [120]. 
However, these transitions are forbidden according to the transition matrix elements as 
indicated by the plots above the band structures in Figure 1.22. The reason for this is 
both the conduction and valence band state have the same (even) parity. Therefore, the 
observed optical gap occurs at L for CuAlO2 and at  for CuGaO2 and CuInO2, as seen in 
Figure 1.22. It should be noted that the bang gap results obtained from LDA calculations 
are consistently lower than experimental results, so the calculated results serve as 
qualitative analyses of trends. 
The doping limit rule for semiconductors suggests a higher valence band 
maximum supports p-type doping. This rule is supported by experimental results, 
showing that the valence band maximum of CuGaO2 was calculated to be 0.8 eV higher 
than that of ZnO [120]. Recall CuGaO2 can be easily be doped p-type and p-type doping 
is difficult in ZnO. The higher valence band maximum in delafossites is a direct result of 
the interaction between copper d electron states with the hybridized sp3 states in oxygen.  
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Figure 1.22: Calculated LDA band structures for (a) CuAlO2, (b) 
CuGaO2, and (c) CuInO2. Also, (d)-(f) give calculated transition matrix 
elements between band edge states for each compound [120]. 
 
 
 
 
 
There is also an observed variation in dopability among delafossites. The relative 
positions of the conduction and valence bands in CuAlO2, CuGaO2, and CuInO2 are 
shown in Figure 1.23 [120]. The band gaps shown in the figure are the LDA-calculated 
indirect fundamental gaps. So far, CuInO2 is the only delafossite material that has been 
successfully doped both n- and p-type. It is apparent from the preceding analysis that an 
important factor affecting dopability is the position of the bands relative to the vacuum 
energy. Figure 1.23 shows that the valence band maximum in delafossites shows little 
variation, so p-type dopability is expected. Therefore, the position of the conduction 
band minimum is key; the large size of the In cation contributes to the sharp decrease in 
conduction band minimum observed in Figure 1.23. Given the ability to donor dope 
CuInO2, it would stand to reason that delafossite compositions possessing similar band 
positioning characteristics as CuInO2 could also be successfully bipolar-doped. 
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Figure 1.23: Band alignment among CuAlO2, CuGaO2, and 
CuInO2, as calculated by LDA. The band gap shown is the 
indirect fundamental gap [120]. 
1.10 Mixed B Cation Substitution 
The octahedral coordination of the B cation site in the delafossite structure allows 
it to accommodate trivalent cations having a large spread of radius, from ~0.5 to over 1.0 
Å (refer to Figure 1.10). This wide range in cation size allows the substitution of a 
charge-compensated pair into the site while maintaining the overall +3 ionic charge. 
Such substitutions could include a 1:1 mixture of 2+/4+ or 1+/5+ cations or a 2:1 
mixture of 2+/5+ cations. In addition to increasing the number of available delafossite 
compounds, these substitutions also have the potential of improved electrical, optical, 
and magnetic properties. 
To date, the copper-based delafossites with mixed B cation sites studied fall into 
three general categories: (1) a 2:1 mixture of a divalent cation with pentavalent antimony 
[15, 115, 152], (2) an even mixture of 2+/4+ cations [153, 154], and (3) a mixture of two 
3+ cations [115, 155, 156]. Each general category will be examined individually in the 
following sections. 
1.10.1   CuB2/3
2+ Sb1/3O2 
Antimony was selected as the pentavalent cation because its 4d10 electronic 
configuration is the same as In3+, which as previously discussed has a favorable 
electronic structure [120, 152]. The following divalent cations have been shown to form 
the delafossite structure with Sb: Mn, Co, Ni, Zn, and Mg [15, 152]. Electrical and optical 
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results exist for films of CuNi2/3Sb1/3O2 with 10% Sn substituted for Sb [15]. Room-
temperature conductivity was p-type and measured to be 0.05 S/cm. The films had a 
transparency of 60% in the visible region. Structural results of all Sb-containing 
compounds are listed in Table 1.6 [152]. 
 
Table 1.6: Structural properties of   CuB2/3
2 + Sb1/3O2 delafossites [152]. 
Compound Polytype Ordering a (Å) c (Å) 
CuMn2/3Sb1/3O2 2H ordered 5.5575(4) 34.5668(4) 
CuCo2/3Sb1/3O2 2H disordered 3.1090(1) 11.4984(6) 
CuNi2/3Sb1/3O2 Mixed 2H and 3R disordered 3.04(1) 11.464(8) 
CuZn2/3Sb1/3O2 2H ordered 5.3480(8) 34.416(3) 
CuMg2/3Sb1/3O2 2H ordered 5.3570(6) 34.441(3) 
 
1.10.2 Even 2+/4+ Substitution 
The following delafossite compositions have been reported, which represent an 
even 2+/4+ substitution: CuCo0.5Ti0.5O2, CuNi0.5Ti0.5O2, and CuNi0.5Sn0.5O2 [154]. They 
were all successfully fabricated using solid-state synthesis with oxide precursors. No 
initial reaction involving the B cations only was required. Again, only structural data of 
these compounds is available. Refined structural information for the three compositions 
are given in Table 1.7 [154]. 
 
Table 1.7: Structural properties of   CuB0.5
2 +Sb0.5
4 +O2  delafossites [154]. 
Compound Polytype Ordering a (Å) c (Å) 
CuNi0.5Ti0.5O2 3R disordered 3.009 17.24 
CuNi0.5Sn0.5O2 3R disordered 3.117 17.329 
CuCo0.5Ti0.5O2 3R disordered 3.033 17.183 
CuCo0.5Ti0.5O2 2H disordered 3.0177 11.449 
 
A delafossite compound with composition CuNi1/3V2/3O2 was recently reported 
by El Ataoui et al. [157]. This compound consists of a B cation substitution with Ni in its 
2+ oxidation state and V in a mixed 3+/4+ oxidation state to maintain the overall +3 
charge for the B cation site. XRD results of this composition show the compound 
possesses the 3R polytype with a = 2.9865(2) Å and c = 17.191(1) Å. Electrical analysis of 
a bulk sample shows it has a room temperature conductivity of ~10-3 S/cm [157]. 
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1.10.3 Trivalent Mixture 
It has been thought that substituting a mixture of two trivalent cations for the     
B cation in the delafossite structure would create a compound which can exhibit a 
compromise of desired properties of the existing single-cation compositions [15]. To that 
end, a mixed B cation delafossite of composition CuGa1-xFexO2 was studied to determine 
if a composition exists which combines the excellent transparency of CuGaO2 with the 
higher conductivity of CuFeO2 [15, 155]. Characterization of a thin film with 
composition CuGa0.54Fe0.39O2 showed it possessed a room temperature conductivity of 
1.0 S/cm, a significant improvement over pure CuGaO2. However, transparency is still 
compromised, with the film only exhibiting 50-70% transmission through the visible 
region. The magnetic properties of bulk CuGa1-xFexO2 was also investigated, showing 
that long range magnetic order takes place for compositions with x  0.67 [155]. 
Another interesting mixed B-site delafossite with an apparent trivalent B cation 
mixture is the composition CuFe1-xVxO2 (0  x  0.67) [115, 156]. The composition 
CuFe0.5V0.5O2 was first reported by Nagarajan et al. [115]. Their work showed that a bulk 
specimen possessed the 3R structure with a = 3.0282(5) Å and c = 17.197(1) Å and room 
temperature conductivity of 4.8 x 10-6 S/cm. Further studies of CuFe1-xVxO2 were 
conducted by El Ataoui et al. [156] over a wider composition range (0  x  0.67) in order 
to determine the oxidation states of Fe and V. Samples with the delafossite phase were 
synthesized over the entire composition range and Mössbauer spectra were recorded to 
determine the structural surroundings of the Fe ions. Results showed only one Fe site, 
suggesting that both Fe and V exist in the nominal +3 oxidation state in the structure. 
1.11 Research Plan 
Regarding doped anatase TiO2, the primary objective of this work is to determine 
what factors affect the electrical properties of thin films. An extension of this goal is an 
investigation alternative synthesis techniques to facilitate large-scale fabrication. 
Specifically, large area sputter deposition on low-cost amorphous substrates will be 
attempted. In order to understand the factors that influence high conductivity in the 
structure, films will be deposited on both crystalline and amorphous substrates using 
various sputtering conditions. Structural properties will be monitored using x-ray 
diffraction (XRD), electrical properties will be measured using a Hall probe, and optical 
transmission and reflection will also be measured. 
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Study of the delafossite phase will be focused upon two primary objectives:              
(1) application of the codoping theory to attain bipolar delafossite compositions, and           
(2) investigation of mixed B cation delafossites. The root of both objectives lies in 
attaining a deeper understanding of the factors that influence the stability and electronic 
structure of the delafossite phase. Solid-state synthesis techniques will be utilized to 
complete the investigation. To attain the first objective, both codoping and cluster 
doping techniques will be applied to analyze the compensation effects of donor species. 
For both objectives, structural evolution will be monitored using XRD and electrical 
properties will be measured on pellets using a resistance meter or an impedance 
analyzer. 
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Abstract 
Recently, pulse laser deposited (PLD) epitaxial films of Nb- and Ta-doped 
anatase TiO2 have been shown to be viable In-free transparent conductors. In this work, 
RF magnetron sputtering, an established and scalable large area deposition process, is 
used to deposit Nb:TiO2 and Ta:TiO2 films onto (100) SrTiO3 substrates at temperatures, 
TS, ranging from room temperature to 400°C. Optical, electrical and structural properties 
similar to those reported for PLD grown films were obtained. In particular, the most 
conducting Ti0.85Nb0.15O2+ films, grown at TS  375 °C, are epitaxially oriented anatase 
films with conductivity   3000 S cm-1, carrier concentration ne  2.4  1021 cm-3, Hall 
mobility µH  7.6 cm2 V-1 s-1 and optical transparency T > 70% from 400-900 nm.  For 
fixed thickness films, the conductivity is strongly correlated with the intensity of the 
anatase (004) x-ray diffraction peak. 
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Flat panel displays, light emitting diodes, and solar cells all require the use of 
transparent contacts typically employing transparent conducting oxides (TCOs).1-5        
Sn-doped In2O3 (ITO) is commonly the TCO of choice because of its high conductivity, 
transparency, and ease of deposition of very thin films.6-8 However, ITO has significant 
drawbacks, namely that it is difficult to pattern and needs processing at elevated 
temperatures to get optimum performance as well as requiring indium which is 
increasingly expensive. Hence, there is increasing interest in finding suitable In-free 
alternatives to ITO for TCO applications. At present, both doped SnO2 and ZnO find use 
in windows, flat panel displays, and solar cells.2 However, both have significant 
drawbacks including high deposition temperatures or chemical instability, 
respectively.2,9,10  
Recently, Nb- and Ta-doped anatase TiO2 films have been identified as potential 
TCO materials.11-13 The anatase polymorph of TiO2 (I41/amd) has long-been used as a 
photocatalyst,14 yet has only recently gained attention for its favorable electronic 
properties (energy gap, Eg = 3.2 eV, effective mass, m* ~ 1 m0),15 which indicate that it 
might be suitable for TCO applications. In addition to potential technology applications, 
anatase TiO2 as a TCO is fundamentally interesting because the conductivity is due to    
d electrons12 rather than s electrons like other TCOs.10,16 Possible donor dopants for Ti 
include the 5+ cations V, Nb, and Ta. Thin, 40 nm thick, transparent Nb-doped anatase 
TiO2 films grown on strontium titanate (SrTiO3, STO) by pulsed laser deposition (PLD) 
have demonstrated conductivities, , on the order of 2-4  103 S cm-1 and Hall mobilities 
µH = 15-22 cm2 V-1 s-1 at dopant concentrations of 3-6 mol%.11,12,17 Somewhat surprisingly, 
conductivity remained on the order of 103 S cm-1 for dopant concentrations as high as    
20 mol%, although transparency decreased significantly with the higher doping levels. 
PLD grown Ta-doped TiO2 films on STO were found to have similar electrical properties 
for Ta dopant concentration up to  15 mol%.13  
In this paper, it is demonstrated for the first time that TCO films with 
performance similar to that for PLD deposited films11-13 can be made by radio-frequency 
(RF) magnetron sputter deposition from both Nb- and Ta-doped TiO2 targets. For 
technology applications, the use of low-cost, large area, sputtering techniques to 
fabricate TCO films is preferable to more expensive means such as PLD. We present the 
structural, electrical, and optical properties of sputtered Nb-and Ta-doped TiO2 films 
deposited on STO at temperatures from room temperature up to ~ 400°C. Optimized 
sputtered Ti0.85Nb0.15O2+ films had  ~ 2000-3000 S cm-1 with µH ~ 7-8 cm2 V-1 s-1 while 
Ti0.8Ta0.2O2+ films had  ~ 300 S cm-1 with µ ~ 0.4 cm2 V-1 s-1. Furthermore, a strong 
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correlation is observed between the electrical conductivity and simple measures of the 
anatase phase crystallinity. 
Nb- and Ta-doped TiO2 films were sputter deposited onto 5 mm x 10 mm 
polished STO (100) substrates (MTI Crystal) using a 2-inch oxide target consisting of    
7.5 mol% Nb2O3 in TiO2 (Ti0.85Nb0.15O2+, 99.9%, Plasmaterials) and 10 mol% Ta2O5 in TiO2 
(Ti0.8Ta0.2O2+, 99.95%, Plasmaterials), respectively. The substrates were secured to a        
2” x 2” piece of Corning 1737 glass using silver epoxy for mounting in the substrate 
holder. A 2-inch sputtering gun (Angstrom Sciences Onyx 2 magnetron sputter source) 
was positioned at a 45° angle to the substrate holder that had a resistive heater capable 
of temperatures up to 900°C. The target to substrate distance is 8 cm at the center of the 
target and substrate. For films deposited from a single target, this configuration results 
in a lateral thickness gradient. However, the thickness variation across a single STO 
substrate is only ~ 7%, and hence was ignored for the analysis presented here. Films 
were deposited in pure argon (grade 5.0) at a flow rate of 20 sccm and a system pressure 
of 4.5 mTorr. Temperatures ranged from room temperature to heater block temperature 
of 550°C, corresponding to a maximum front surface substrate temperature of 406°C as 
measured with a thermocouple. An RF-sputtering power (Manitou Series PB-3 RF 
Power System) of 25-30 W was required to attain films with thickness of approximately 
200 nm on the center of the STO substrate after 1 hr of deposition. The structure of the 
films was analyzed using x-ray diffraction (XRD) with a two-dimensional detector 
(Bruker D8 Discover). Electrical properties were measured using a BioRad Hall probe 
system. Optical transmission and reflection was analyzed over a wavelength range of 
400 – 1600 nm using a combination of UV, Vis, and NIR light sources and detectors.18  
Conductivity, carrier concentration, and Hall mobility of the Nb-doped TiO2           
(15 mol%) films on STO as a function of deposition temperature are shown in Figures   
1a-1c, respectively. Films deposited at temperatures above 300°C had conductivity 
higher than 1500 S cm-1. Conductivity reached a maximum value of 3000 S cm-1 for films 
deposited at ~375°C and remained above 2000 S cm-1 to 400°C. Both mobility (Figure 1c) 
and carrier concentration (ne, Figure 1b) followed the same general trend as 
conductivity. The film deposited at 375°C had ne = 2.4  1021 cm-3 and µH =  7.6 cm2 V-1 s-1, 
which agrees quite well with the results for films of similar composition grown at about 
550°C on STO using PLD.11,12 Ta-doped TiO2 (20 mol%) films were also sputter deposited 
on STO at 405°C. For these Ta-doped films,  = 300 S cm-1 with ne ~ 5  1021 cm-3, about 
twice that measured for the best Nb-doped TiO2 film, and µH < 1 cm2 V-1 s-1, at least ten 
times lower. For the Ti1-xTaxO2 films grown by PLD on STO at 550°C, the maximum 
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conductivity occurred for x = 0.05 where  = 4000 S cm-1 with ne = 1.4x1021 cm-3 and       
µH = 18 cm2 V-1 s-1 with a general increase in ne with dopant concentration and a 
monotonic suppression of µH at higher doping levels.13 For the sputter deposited          
Ta-doped films, the Ta content, x= 0.2, is four times higher and the carrier concentration 
is 3.6 times higher, consistent with nearly linear substitutional doping, but the mobility, 
~ 1 cm2 V-1 s-1, is markedly less suggesting that these sputtered Ta-doped films are likely 
over-doped. 
The main panel of Figure 2 shows 2-spectra for Nb-doped TiO2 films grown on 
(100) STO at temperatures from room temperature to 405°C as well one spectrum for a       
Ta-doped TiO2 film grown at 404°C. For all spectra, three features are observed as 
indicated by labeled arrows. The STO (200) peak, expected at 46.5°, appears but with 
suppressed intensity or even split into a doublet due to detector saturation and a weak 
peak observed in all the spectra at 41.85° is due to K STO (200) diffraction. No 
additional features are observed for the room temperature deposited Nb-doped film. For 
all the films deposited at higher temperatures, an additional single peak is observed at 
2  37.5°. This peak generally increases in intensity with increasing substrate 
temperature and, for the Nb-doped films, shifts monotonically from 2 = 37.75° at          
TS = 233°C to 2 = 37.4° at TS = 376°C, the substrate temperature for the most conducting 
films. The bottom two panels show the expected powder diffraction panels for anatase 
and rutile TiO2. No line from the expected rutile pattern can explain the observed 
diffraction, but based on only the 2 position of the single film peak observed, one 
cannot definitively distinguish between the anatase (103) and (004) peaks. Considering 
symmetry, (004) oriented anatase is expected for anatase TiO2 on (100) STO and this is 
confirmed by the two pole figures taken at 2 = 37±1° included as insets.  For the bare 
STO substrate pole figure, 4 spots 90° apart in  are observed at  = 55°, corresponding 
to the STO (111) expected at 2 = 40° but which is observed in this pole figure due to 
poor 2 resolution in the pole figure measurements. In the Nb:TiO2/STO pole figure 
these same four STO spots are observed with additional four fold symmetric film spots 
at  = 60° and 40° as well as a center film spot at  = 0°. This is exactly as expected for 
epitaxial (004) oriented anatase TiO2 on (100) STO with the observed film spots 
corresponding to anatase (112), (103) and (004) diffraction respectively. Figure 2 also 
includes the XRD spectrum for a Ta-doped TiO2 film deposited at 405°C. Like with      
Nb-doped TiO2 and PLD Ta-doped TiO213, the sputter-deposited Ta-doped TiO2 film 
crystallized in (004)-oriented anatase but with the (004) diffraction at 2 = 37.25° vs. 37.4° 
for Nb-doped TiO2 as shown in the Figure 2 inset. Note that the (004) diffraction peak for 
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both the Nb- and Ta-doped TiO2 occurs at lower 2 corresponding to a larger lattice 
constant than for undoped anatase TiO2. 
Intensity of the (004) anatase peak increases significantly as deposition 
temperature was raised from 233°C to 375°C, as seen in Figure 1d. Comparing the 
conductivity data shown in Figure 1a with XRD data shown in Figure 1d, it is clear that 
the conductivity is strongly correlated with the anatase crystallinity including even the 
small conductivity decrease observed at the highest two substrate temperatures. At 
higher substrate temperatures, a cross over from anatase to rutile structure is expected.19 
Full-width at half maximum (FWHM) of the (004) peak is also shown in Figure 1e. 
FWHM decreased as (004) intensity increased, and above 375°C peak intensity and 
FWHM appear to have saturated, showing the films are fully crystalline.   
Optical transmission and reflection spectra of selected Nb-doped TiO2 samples 
are shown in Figure 3 with the transmission spectra normalized to a bare STO substrate. 
In general, all films were greater than ~80% transparent through the visible portion of 
the electromagnetic spectrum (400-700 nm). The film with the highest conductivity        
(Ts = 375°C) had the lowest transmission, particularly in the infrared. For this film, the 
broad decrease in the transmission is also accompanied by an increase in reflection as 
wavelength increases. This is as expected for plasma oscillations of the free conduction 
band electrons (Drude model) rather than for a d-d absorption, which could cause 
coloration due to partially filled d-bands. In the Drude model, the crossover from 
transparent to reflecting with increasing wavelength occurs at the plasma wavelength 
given by: 
 
p = 2c
m*
4Ne2
, (1) 
 
where c is the speed of light,  the dielectric function in the visible, m* the electron 
effective mass, N the free electron density and e the electron charge.18 Taking  = 6.25 
and m* = 1 me as appropriate for anatase TiO220, N = 2.4x1021 cm-3 as measured here for 
the film deposited at 376°C, gives P = 1700 nm, very consistent with the spectra shown 
in Figure 3. 
Overall, the transparency of these sputtered films is lower than that reported by 
Furubayashi et al. for PLD films of the same composition (transmittance >85%).11,12 This 
is likely due to differences in thickness. All the sputtered films analyzed here were    
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~200 nm thick, while the PLD films in Furubayashi et al. were 40 nm thick. Note the 
surface roughness of sputtered films was found to be ~2 nm (AFM). 
A recent Comment21,22 suggested that the high conductivity observed for Nb-
doped anatase TiO2 films grown on STO substrates might be due Nb diffusion into the 
STO substrate rather than to conductivity of the Nb-doped TiO2 film itself. In this 
present work, 200 nm thick anatase Ti0.85Nb0.15O2 films grown at ~ 400°C have a 
maximum conductivity of  ~ 3000 S cm-1, the same as for 40 nm thick films of the same 
composition grown by PLD.12 Since conductivity is an intrinsic material property 
independent of film thickness, this strongly suggests that the observed conductivity is 
due to the conductivity of the Nb-doped TiO2 film itself and not due to Nb diffusion into 
the STO substrate. In addition, as shown in Figure 1a, for the Nb-doped TiO2 films 
deposited by sputtering, the maximum conductivity occurs at a substrate temperature of 
376°C and the conductivity actually decreases for higher substrate temperatures. This 
again suggests that the conductivity is not due to Nb diffusion into the substrate. In fact, 
the occurrence of the maximum conductivity at 376°C is correlated with maximum 
anatase (004) XRD intensity at the same temperature. Lastly, the consistency of the 
observed IR features in the optical spectra with the Drude model as applied to doped 
anatase TiO2 and the observation of similar conductivities for Ta-doped anatase TiO2 
films further supports the conclusion that the observed conductivity comes from 
substitutional doping of the TiO2 film itself. 
In summary, highly conductive Nb-doped anatase TiO2 films were deposited on 
STO using RF magnetron sputtering for the first time. Films doped with 15 mol% Nb 
exhibited similar performance characteristics as PLD grown films. Conductivity was 
found to be well correlated with simple measures of anatase phase crystallinity. Taken 
collectively, these results on sputtered films along with those for PLD films12 clearly 
show that substitutionally doped anatase TiO2 thin films are viable for use as 
transparent conductors. 
Figure List 
Figure 1: Electrical and structural properties of Nb-doped TiO2 films (15 mol%) 
deposited on STO at various temperatures: (a) conductivity, , (b) carrier concentration, 
ne, (c) Hall mobility, µH, (d) Maximum intensity of anatase (004) XRD peak and (e) 
FWHM of anatase (004) XRD peak. 
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Figure 2: Top: XRD 2 spectra of Nb-doped TiO2 (15 mol%) and Ta-doped TiO2 (20 
mol%) on STO at varying deposition temperatures.  Middle: Anatase TiO2 x-ray powder 
diffraction pattern (JCPDS 21-1272).  Bottom: Rutile TiO2 x-ray powder diffraction 
pattern (JCPDS 21-1276).  Insets:  Pole figures taken at 2 = 37±1° for a bare STO 
substrate (lower) and for a TiO2 film on STO (upper).  Upper right inset:  2 spectra for 
Ta- and Nb-doped TiO2 on STO for films grown at ~ 400 °C. 
 
Figure 3: Optical transmission and reflection spectra for Nb-doped TiO2 samples grown 
at different substrate temperatures as labeled.  The transmission spectra are normalized 
vs. a bare substrate. 
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Figure 3: Optical transmission and reflection spectra for Nb-doped TiO2 samples grown 
at different substrate temperatures as labeled.  The transmission spectra are normalized 
vs. a bare substrate. 
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ABSTRACT 
RF magnetron sputtering is used to deposit Ti0.85Nb0.15O2 and Ti0.8Ta0.2O2 films on 
glass substrates at substrate temperatures (TS) ranging from ~250°C to 400°C. The most 
conducting Nb-doped TiO2 films were deposited at TS = 370°C, with conductivities of       
~60 S cm-1, carrier concentrations of 1.5  1021 cm-3 and mobilities < 1 cm2 V-1 s-1. The 
conductivity of the films was limited by the mobility, which was more than ten times 
lower than the mobility for films deposited epitaxially on SrTiO3. The difference in 
properties is likely due to the randomly oriented crystal structure of the films deposited 
on glass compared to biaxially textured films deposited on SrTiO3. The anatase phase 
could not be stabilized in the Ta-doped TiO2 films, likely due to the high dopant 
concentration. 
I. INTRODUCTION 
Transparent conducting oxides (TCOs) can conduct electricity while maintaining 
transparency in the visible region of the electromagnetic spectrum. Because of this, 
TCOs find usage in a wide variety of devices including electro-chromic windows, solar 
cells, light emitting diodes, window de-icers, and flat panel displays.1-5 One of the key 
driving forces for developing new TCO materials is the ever-increasing cost of indium, a 
major component of the most widely used TCO, Sn-doped In2O3, commonly referred to 
as Indium-Tin-Oxide (ITO). Hence, there is an increasing amount of attention on 
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developing new reduced-In or In-free TCO materials that can perform as well—if not 
better—than ITO, which typically possesses conductivity, , on the order of                    
103-104 S cm-3 and mobility, µ, on the order of 25-35 cm2 V-1 s-1.6-8   Doped SnO2 and ZnO 
are two widely-used TCOs for low-e windows and are being looked at for other 
applications.2,9,10 While they do posses opto-electronic performance characteristics close 
to ITO, they also have significant drawbacks in their non-TCO properties such as 
deposition parameters and chemical stability. As a result, there is a growing research 
thrust on further expanding the TCO landscape to look for new In-free materials outside 
the constellation of typical TCOs. 
Recently Nb- or Ta-doped anatase TiO2 has been identified as a viable TCO 
material.11-13 Nb-doped TiO2 films grown on strontium titanate single crystals (SrTiO3, 
STO) by pulsed laser deposition (PLD) were shown to have conductivities on the order 
of 2-4  103 S cm-1 and Hall mobilities, µH, of 15-22 cm2 V-1 s-1 at dopant concentrations of           
3-6 mol% Nb.11,12 Surprisingly, conductivity remained on the order of 103 S cm-1 for 
dopant concentrations as high as 20 mol%, although transparency decreased 
significantly. Ta-doped TiO2 PLD films on STO were found to have similar electrical and 
optical properties for Ta dopant concentrations up to 15 mol%.13 While possible 
substitutional donor dopants for Ti in anatase could include all 5+ transition metals 
(particularly V, Nb, and Ta), the incorporation of V into TiO2 has proven to be more 
difficult than Nb and Ta due to problems controlling stoichiometry in deposited films, 
most likely the result of metal oxide instability.14  
To date, the best-performing TiO2-based TCOs were fabricated using epitaxial 
deposition by pulsed laser deposition on single crystal substrates such as STO. In this 
paper, the structural, electrical, and optical properties of RF magnetron sputtered Nb- 
and Ta-doped TiO2 films on glass substrates are reported in exploration of the viability 
of doped TiO2 as a practical TCO. The use of low-cost sputtering techniques to fabricate 
TCO films is preferable to more expensive small area PLD, as is deposition on glass 
substrates for use in flat-panel displays. It was recently demonstrated that the original 
PLD results can be matched (maximum conductivity of 3000 S cm-1) by RF magnetron 
sputtering on single crystal SrTiO3 substrates.15 To evaluate the viability of anatase TiO2 
as a TCO, it is key to determine whether or not epitaxial single crystal films are required 
to achieve reasonable performance.  
For the Nb-doped TiO2 films on various substrates, the highest conductivity 
results were attained for films composed of anatase TiO2. Anatase TiO2 (I41/amd) is one 
of three natural polymorphs of TiO2. It is typically a low temperature metastable phase 
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that exists in a tetragonal structure like the more-stable polymorph rutile (P42/mnm), yet 
structural differences between the two give them each unique electrical and optical 
properties. In anatase, TiO6 octahedra are edge-sharing and form a spiral chain through 
the structure, whereas in rutile the TiO6 octahedra share corners. Of the two, anatase 
possesses a larger band gap (Eg = 3.2 eV versus 3.0 eV for rutile) and smaller 
conductivity effective mass (m* ~ 1me versus m* ~ 20me for rutile), making anatase TiO2 a 
better candidate for possible use as a TCO with high conductivity and transparency.16 
In this work, RF magnetron sputtering is used to deposit Ti0.85Nb0.15O2 and 
Ti0.8Ta0.2O2 films on glass substrates at substrate temperatures (TS) ranging from ~250°C 
to 400°C. The most conducting Nb-doped TiO2 films were deposited at TS = 370°C, with 
conductivities of ~60 S cm-1, carrier concentrations of 1.5  1021 cm-3 and mobilities            
< 1 cm2 V-1 s-1. The conductivity of the films on glass was more than ten times lower than 
that for films deposited epitaxially on STO.15 At present, this difference is attributed to 
the randomly oriented crystal structure of the films deposited on glass compared to 
biaxially textured films deposited on STO. 
II. EXPERIMENTAL PROCEDURE 
Nb-doped, Ta-doped, and undoped TiO2 films were deposited onto 2” x 2” 
Corning 1737 glass substrates using 2-inch oxide targets consisting of pure TiO2 
(99.995%, Plasmaterials), 7.5 mol% Nb2O3 in TiO2 (Ti0.85Nb0.15O2+, 99.9%, Plasmaterials) 
and 10 mol% Ta2O5 in TiO2 (Ti0.8Ta0.2O2+, 99.95%, Plasmaterials). The sputtering system 
used for this investigation was arranged with a 2-inch sputtering gun (Angstrom 
Sciences Onyx 2 Magnetron Sputter Source) positioned at a 45° angle to a stationary 
substrate holder with a resistive heater capable of temperatures up to 900°C. The target 
to substrate distance is 8 cm at the center of the target and substrate. This configuration 
results in a thickness gradient in a film deposited from a single target.  
Films were deposited in pure argon (grade 5.0) at a flow rate of 20 sccm, a system 
pressure of 4.5 mTorr, and with substrate temperatures (TS) ranging from about 250°C to 
400°C in order to observe the phase evolution and stability. The RF-sputtering powers 
(Manitou Series PB-3 RF Power System) required to attain films with a thickness 
gradient of approximately 90 nm-250 nm across the substrate surface after 1 hr of 
deposition were 50 W, 30 W, and 25 W for the pure TiO2, Nb-doped TiO2, and Ta-doped 
TiO2 targets, respectively. 
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Phase evolution and stability was examined using x-ray diffraction (XRD) with a 
two-dimensional detector (Bruker D8 Discover). Conductivity, mobility, and carrier 
concentration were measured using a BioRad Hall measurement system. Optical 
transmission and reflection was analyzed over the wavelength range of 250 nm – 25 µm 
using a combination of Ocean Optics CCD and diode-array based spectrometer in the 
UV, Vis, and NIR and FTIR spectroscopy beyond 1.5  µm.17  
On each 2” x 2” film, XRD and 4-pt probe measurements were made over the 
entire surface in a 4-row by 11-column pattern, with the thickness gradient oriented 
across each row. In all cases, the side of the film that was closest to the sputter target 
during deposition possessed the lowest sheet resistance, with values increasing by 
orders of magnitude across the film surface from thick side to thin side. Variation in 
crystallinity was also observed across the thickness profile. In addition to solely 
thickness effects, the range of properties observed across the film surface could be due to 
variations in ion energy resulting from the sputtering geometry. All results presented in 
this paper are for a section approximately 9 mm x 9 mm cut from the thick side of each 
substrate. Approximate film thickness of each 9 mm x 9 mm piece was 200 nm, with a 
variation of ~15 nm across the surface due to the angled deposition. 
III. RESULTS AND DISCUSSION 
Electrical properties of Nb-doped TiO2 (15 mol%) films on glass are shown for all 
deposition temperatures in Figure 1. The film deposited at TS = 260°C was not 
conductive enough for Hall measurements, so only the 4-pt probe conductivity (Panel 
1a) data is presented. For deposition temperatures below 350°C, conductivity is fairly 
constant, at values less than 8 S cm-1. At a deposition temperature of 370°C, conductivity 
is significantly higher at 56 S cm-1 and begins to drop off again when substrate 
temperature is raised just 20°C. The measurement error is about 30% for both mobility 
and carrier concentration, a result of the low mobility (< 1 cm2 V-1 s-1) observed in the 
films. A definite maximum in carrier concentration is observed over the range of 
deposition temperatures with the films deposited at 370°C and 390°C having carrier 
concentrations greater than 1021 cm-3.  
The highest observed conductivity for films on glass ( = 56 S cm-1) was much 
lower than the conductivity observed for Nb-doped TiO2 films deposited on STO using 
PLD ( ~ 2-4  103 S cm-1).11,12 Values were also much lower than sputter deposited films 
on single crystal lattice matched substrates which also showed  ~ 2-4  103 S cm-1.15 This 
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conductivity is an improvement over undoped TiO2 sputtered on glass, which had 
conductivity on the order of 10-2 S cm-1. Carrier concentration in the films is very high 
(~1021 cm-3) and consistent with values for PLD and sputtered films on STO, yet the 
mobility is drastically different, about ten times lower.  
Figure 2 shows the XRD patterns for the temperature series of depositions. All 
peaks present could be attributed to either the anatase or rutile phase of TiO2 except for 
one weak unidentified peak at 2 = 30.8° for the film grown at TS = 352°C. The respective 
expected powder diffraction patterns and their hkl indices are shown in Panels (b) and 
(c). The spectra in Figure 2 show that for all deposition temperatures below 400°C, 
anatase was the dominant phase present in the films. In these films, anatase is randomly 
oriented, as evidenced by the presence of multiple anatase peaks in many of the 
patterns. This result is in contrast with the epitaxial (004) films deposited on STO.11,12,15 
The anatase-to-rutile transition is expected to occur anywhere between 400-
1000°C for undoped bulk TiO2. Doping in bulk TiO2 with higher oxidation state cations, 
such as Nb5+ for Ti4+, will shift the transition temperature lower.18,19 For this reason, it is 
possible to observe the formation of rutile in films deposited at temperatures lower than 
400°C. Multiple films deposited at 390°C contained varying amounts of anatase, as seen 
in Figure 3, indicating that the conditions are favorable for the formation of rutile. This is 
further supported by the results for the film deposited at 406°C, which shows rutile as 
the dominant phase present as can be seen in Figure 2. Undoped films sputtered on 
glass at temperatures as high as 406°C were composed of anatase only, as seen in Figure 
4. It should be noted that the anatase XRD pattern for this film is fairly weak compared 
to the Nb-doped TiO2 films, indicating that the film is not very crystalline. The 
observations made here are in agreement with other reports of sputtered TiO2 films, 
which showed the formation of anatase films at temperatures as high as 400°C.20-22 These 
results, along with the XRD spectra shown in Figure 4, suggest that the anatase-to-rutile 
transition temperature for the deposition conditions used in this study is clearly higher 
than 400°C for pure TiO2.  
Ta-doped TiO2 (20 mol%) films deposited on glass were amorphous for substrate 
temperatures as high as 390°C. When the substrate temperature was increased to 406°C, 
the film crystallized directly to rutile TiO2. XRD patterns for both deposition 
temperatures are given in Figure 5. The XRD pattern for the film deposited at 390°C is 
identical to the pattern for a bare glass substrate. It is likely that such a high Ta doping 
level (20 mol%) has the effect of both inhibiting crystallization and stabilizing rutile at 
lower temperatures, an effect that can be overcome by using a (100) STO substrate.15 A 
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similar crystallization phenomenon is observed in Zr-doped Ta2O5 films, in which Zr 
additions of ~20 at% increased the crystallization temperature by 100°C.23 There is some 
texturing in the rutile film deposited at 406°C since the (101), (111), and (210) peaks are 
not present in the pattern and are expected for a randomly oriented rutile film. All peaks 
should be more intense than the (200) peak, but they are not, indicating some 
preferential (200) orientation.  
Optical transmission and reflection spectra for the most-conductive Nb-doped 
TiO2 film,  = 56 S cm-1 deposited at 370°C, are shown in Figure 6. The reflection 
spectrum is measured relative to either Al or Au mirror and corrected for the known 
reflectance of the reference mirror. The transmission spectrum as shown is normalized 
to the transmission of a bare glass substrate. There is a discontinuity in the measured 
transmission spectrum at ~0.78 eV, the crossover point to the FTIR measured spectra. At 
photon energies () higher than ~4 eV and lower than ~0.3 eV, the glass substrate is too 
opaque for transmission measurements.  
The films are only 65-70% transparent with a visible bluish tint. For () < 1.5 eV, 
the concurrent gradual decrease in transmission and increase in reflection with 
decreasing photon energy is indicative of optically excited plasma oscillations (Drude 
model) for a sample with high carrier concentrations and low mobility. In the Drude 
model, the crossover from transparent to reflecting with decreasing photon energy 
occurs at the plasma frequency which, expressed as a photon energy, is given by: 
 
  
hp = h
4Ne2
m *
 (1) 
 
where N is the free electron density, e the electron charge,  the dielectric function in the 
visible, and m* the electron effective mass. Taking   = 6.25 and m* = 1 me as appropriate 
for anatase TiO2,24 N = 1.5  1021 cm-3 as measured here for the film deposited at 370°C, 
gives p  0.6 eV, qualitatively consistent with the spectra shown in Figure 6. In 
addition, the crossover from transparent to reflecting is very broad, occurring over about 
1 eV in energy. This indicates a low mobility, consistent with the Hall effect data shown 
in Figure 1 where µH = 0.3 cm2 V-1 s-1 for this sample. 
High doping levels and carrier concentrations are known to reduce the 
transparency of TiO2 films in the visible portion of the electromagnetic spectrum, as is 
the case with these films.11-13 This is likely due to the high carrier concentration                
(> 1021 cm-3) and the low mobility (µH < 1 cm2 V-1 s-1) pushing the high energy tail of the 
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plasma oscillation effects into the visible. This same effect was observed by Furubayashi 
et al. in PLD Nb-doped TiO2 films.11,12 They found that lower dopant concentration and 
resulting lower carrier concentration gave more transparent films since the plasma edge 
red shifts with decreasing carrier concentration as 
  
hp  ne . For this reason, it is likely 
that sputtered films on glass doped with much smaller amounts of Nb would have 
higher transparency in the visible part of the spectrum. 
In Figure 3, the measured conductivity of each 9 mm x 9 mm section of the film is 
also given along with the XRD patterns. In short, for these 200 nm thick films, the 
stronger the rutile phase XRD scattering, the lower the conductivity. A similar reduced 
conductivity is also observed in the film deposited at 406°C from Figure 2, which 
contained both rutile and anatase phases. By comparing relative peak intensity of the 
100% anatase and rutile peaks (assuming 100% crystallinity for the maximum peak 
intensity of a phase-pure film), the film deposited at 406°C was ~31% anatase. For this 
film,  = 6 S cm-1, almost ten times lower than that for the anatase-only film grown at 
370°C. Collectively, these results indicate that anatase is the dominant crystalline phase 
responsible for the high conductivity observed in all of the films. 
The low measured conductivities of the films showing mixed rutile and anatase 
phases may be due to percolative conduction predominately through the anatase grains. 
Thus, as the rutile volume fraction grows, the percolative pathways are increasingly 
disrupted. While this effect may exist in all films, it may also be that the high angle grain 
boundaries in randomly-oriented anatase films are far more resistive than the 
predominately low angle boundaries in the biaxially textured films on single crystal 
substrates such as STO. Note that for Ti0.85Nb0.15O2 films grown in the same deposition 
system and under nearly identical conditions but on STO instead of glass, the measured 
conductivity is ~3000 S cm-1, roughly 50 times higher than for the films grown on glass 
substrates.15 Furthermore, for Ti0.85Nb0.15O2 films grown on STO at TS = 375°C, the Hall 
mobility µH = 7.6 cm2 V-1 s-1 whereas for the films grown on glass at TS = 370°C,                     
µH = 0.3 cm2 V-1 s-1, 25 times lower. 
Hence, almost all of the decrease in conductivity for Ti0.85Nb0.15O2 films grown on 
glass compared to those grown on (100) STO substrates is due to a large increase in the 
scattering, not a decrease in the carrier concentration which could arise from a change in 
the effectiveness of Nb as a dopant. Considering this, along with the randomly oriented 
structure of the Ti0.85Nb0.15O2 films on glass as opposed to the biaxially textured 
Ti0.85Nb0.15O2 films on STO, grain boundary scattering from high-angle grain boundaries 
is a likely cause for the low carrier mobility for the Ti0.85Nb0.15O2 films on glass. Such 
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strong carrier scattering at randomly aligned grain boundaries could arise from poor 
electronic overlap across the grain boundary of the directional Ti 3d states which make 
up the conduction band in anatase TiO2 compared to the isotropic s-states that form the 
conduction band in conventional TCOs such as ITO.25 
It should be noted that the doping level used here (15 mol%) was much higher 
than the optimal Nb doping level for PLD films on STO (3 mol%). While higher Nb 
doping levels for films on STO deposited by PLD still possessed conductivity on the 
order of 1000 S cm-1, it is possible that the doping level is too high for films deposited on 
glass. However, if the low mobility for the films on glass is due to high angle grain 
boundary scattering, it seems unlikely that reducing the Nb dopant level will 
significantly reduce the grain boundary scattering. To achieve higher conductivity it 
may be that more oriented films will need to be grown on glass. For example, the use of 
a textured template layer could be an alternate way to stabilize a biaxially textured 
structure for sputtered thin films on glass and hence to obtain better electrical and 
optical properties. Alternatively, the use of ion beam assisted deposition (IBAD) could 
also help stabilize a biaxially textured structure on glass. 
IV. CONCLUSIONS 
Transparent conductive Ti0.85Nb0.15O2+ anatase films were sputter deposited on 
glass substrates. Optimal conductivity of ~60 S cm-1 can be achieved using a substrate 
temperature of 370°C. XRD results suggest that the presence of fully crystalline anatase 
TiO2 is essential for achieving this conductivity. The introduction of the rutile phase in 
the films caused conductivity to decrease significantly, likely due to disruption of 
percolative pathways through the anatase grains. Mobility in the randomly oriented 
crystalline films is low, µH < 1 cm2 V-1 s-1. In contrast, biaxially textured Nb-doped TiO2 
films on STO have approximately the same carrier concentration but mobility is much 
higher, µH  8 cm2 V-1 s-1, resulting in better conductivity. Taken together, this suggests 
that for randomly oriented anatase Nb-doped TiO2 films on glass that grain boundaries 
may well be the dominant scattering source. The anatase phase of TiO2 could not be 
obtained for Ti0.8Ta0.2O2+ films sputter deposited on glass. Further investigations on both 
doping optimization and grain orientation control are needed to determine if the TCO 
properties of doped TiO2 on glass can be improved enough to make it a technologically 
practical TCO. 
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FIGURE CAPTIONS 
Figure 1: Electrical properties of Ti0.85Nb0.15O2 films deposited on glass at varying 
deposition temperatures. Panel (a): conductivity. Panel (b): carrier concentration. Panel 
(c): Hall mobility.  
 
Figure 2: Panel (a): XRD spectra for Ti0.85Nb0.15O2 films depositied on glass at various 
substrate temperatures (TS). Panel (b): Expected powder diffraction pattern for anatase 
TiO2 (JCPDS 21-1272). Panel (c): Expected powder diffraction pattern for rutile TiO2 
(JCPDS 21-1276). 
 
Figure 3: Panel (a): XRD spectra for Ti0.85Nb0.15O2 films deposited on glass at 390°C. Panel 
(b): Expected powder diffraction pattern for anatase TiO2 (JCPDS 21-1272). Panel (c): 
Expected powder diffraction pattern for rutile TiO2 (JCPDS 21-1276). 
 
Figure 4: Panel (a): XRD spectrum for undoped TiO2 deposited on glass at a substrate 
temperature of 406°C. Panel (b): Expected powder diffraction pattern for anatase TiO2 
(JCPDS 21-1272). 
 
Figure 5: Panel (a): XRD spectra for Ti0.8Ta0.2O2 films deposited on glass at different 
substrate temperatures. Panel (b): Expected powder diffraction pattern for rutile TiO2 
(JCPDS 21-1276). 
 
Figure 6: Optical transmission and reflection spectra for a Ti0.85Nb0.15O2 film deposited on 
glass at 370°C. 
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Figure 1: Electrical properties of Ti0.85Nb0.15O2 films deposited on glass at 
varying deposition temperatures. Panel (a): conductivity. Panel (b): 
carrier concentration. Panel (c): Hall mobility.  
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Figure 2: Panel (a): XRD spectra for Ti0.85Nb0.15O2 films depositied on glass 
at various substrate temperatures (TS). Panel (b): Expected powder 
diffraction pattern for anatase TiO2 (JCPDS 21-1272). Panel (c): Expected 
powder diffraction pattern for rutile TiO2 (JCPDS 21-1276). 
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Figure 3: Panel (a): XRD spectra for Ti0.85Nb0.15O2 films deposited on glass 
at 390°C. Panel (b): Expected powder diffraction pattern for anatase TiO2 
(JCPDS 21-1272). Panel (c): Expected powder diffraction pattern for rutile 
TiO2 (JCPDS 21-1276). 
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Figure 4: Panel (a): XRD spectrum for undoped TiO2 deposited on glass at 
a substrate temperature of 406°C. Panel (b): Expected powder diffraction 
pattern for anatase TiO2 (JCPDS 21-1272). 
 
 
Figure 5: Panel (a): XRD spectra for Ti0.8Ta0.2O2 films deposited on glass at 
different substrate temperatures. Panel (b): Expected powder diffraction 
pattern for rutile TiO2 (JCPDS 21-1276). 
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Figure 6: Optical transmission and reflection spectra for a Ti0.85Nb0.15O2 
film deposited on glass at 370°C. 
   80  
REFERENCES 
1. D. S. Ginley & C. Bright: Transparent Conducting Oxides. MRS Bull. 25, l15 (2000). 
2. R. G. Gordon: Criteria for Choosing Transparent Conductors. MRS Bull. 25, l52 
(2000). 
3. G. Haacke: Transparent Conducting Coatings. Annu. Rev. Mater. Sci. 7, l73 (1977). 
4. H. Hosono, H. Ohta, M. Orita, K. Ueda & M. Hirano: Frontier of Transparent 
Conductive Oxide Thin Films. Vacuum 66, l419 (2002). 
5. H. Kawazoe, H. Yanagi, K. Ueda & H. Hosono: Transparent p-Type Conducting 
Oxides: Design and Fabrication of p-n Heterojunctions. MRS Bull. 25, l28 (2000). 
6. B. G. Lewis & D. C. Paine: Applications and Processing of Transparent Conducting 
Oxides. MRS Bull. 25, l22 (2000). 
7. O. N. Mryasov & A. J. Freeman: Electronic Band Structure of Indium Tin Oxide and 
Criteria for Transparent Conducting Behavior. Phys. Rev. B 64, l233111 (2001). 
8. R. B. H. Tahar, T. Ban, Y. Ohya & Y. Takahashi: Tin Doped Indium Oxide Thin Films: 
Electrical Properties. J. Appl. Phys. 83, l2631 (1998). 
9. C. M. Dai, C. S. Su & D. S. Chuu: Growth of Highly Oriented Tin Oxide Thin Films 
by Laser Evaporation Deposition. Appl. Phys. Lett. 57, l1879 (1990). 
10. T. Minami: New n-Type Transparent Conducting Oxides. MRS Bull. 25, l38 (2000). 
11. Y. Furubayashi, T. Hitosugi, Y. Yamamoto, Y. Hirose, G. Kinoda, K. Inaba, T. 
Shimada & T. Hasegawa: Novel Transparent Conducting Oxide: Anatase Ti1-xNbxO2. 
Thin Solid Films 496, l157 (2006). 
12. Y. Furubayashi, T. Hitosugi, Y. Yamamoto, K. Inaba, G. Kinoda, Y. Hirose, T. 
Shimada & T. Hasegawa: A Transparent Metal: Nb-doped Anatase TiO2. Appl. Phys. 
Lett. 86, l252101 (2005). 
13. T. Hitosugi, Y. Furubayashi, A. Ueda, K. Itabashi, K. Inaba, Y. Hirose, G. Kinoda, Y. 
Yamamoto, T. Shimada & T. Hasegawa: Ta-doped Anatase TiO2 Epitaxial Film as 
Transparent Conducting Oxide. Jpn. J. Appl. Phys. 44, lL1063 (2005). 
14. F. Lagnel, B. Poumellec, J. P. Thomas, A. Ziani & M. Gasgnier: Preparation of 
Amorphous Thin Films of (Ti,V)O2 and (Ti,Nb)O2 by R.F. Sputtering. Thin Solid 
Films 176, l111 (1989). 
15. M. A. Gillispie, M. F. A. M. van Hest, M. S. Dabney, J. D. Perkins & D. S. Ginley: RF 
Magnetron Deposition of Transparent Conducting Nb-doped TiO2 Films on SrTiO3. 
submitted to J. Appl. Phys.  (2006). 
16. H. Tang, K. Prasad, R. Sanjinès, P. E. Schmid & F. Lévy: Electrical and Optical 
Properties of TiO2 Anatase Thin Films. J. Appl. Phys. 75, l2042 (1994). 
17. M. F. A. M. van Hest, M. S. Dabney, J. D. Perkins, D. S. Ginley & M. P. Taylor: 
Titanium-doped Indium Oxide: A High-Mobility Transparent Conductor. Appl. 
Phys. Lett. 87, l032111 (2005). 
18. K. Okada, N. Yamamoto, Y. Kameshima, A. Yasumori & K. J. D. MacKenzie: Effect of 
Silica Additive on the Anatase-to-Rutile Phase Transition. J. Am. Ceram. Soc. 84, 
l1591 (2001). 
19. R. D. Shannon & J. A. Pask: Kinetics of the Anatase-Rutile Transformation. J. Am. 
Ceram. Soc. 48, l391 (1965). 
20. H. Tang, R. Prasad, R. Sanjinès & F. Lévy: TiO2 Anatase Thin Films as Gas Sensors. 
Sensor. Actuat. B-Chem. 26-27, l71 (1995). 
21. H. Tang, R. Prasad, R. Sanjinès, P. E. Schmid & F. Lévy: Electrical and Optical 
Properties of TiO2 Anatase Thin Films. J. Appl. Phys. 75, l2042 (1994). 
22. D. Wicaksana, A. Kobayashi & A. Kinbara: Process Effects on Structural Properties of 
TiO2 Thin Films by Reactive Sputtering. J. Vac. Sci. Technol. A 10, l1479 (1992). 
   81  
23. J.-Y. Tewg, Y. Kuo & J. Lu: Suppression of Crystallization of Tantalum Oxide Thin 
Film by Doping with Zirconium. Electrochemical and Solid-State Letters 8, lG27 
(2005). 
24. H. Tang, K. Prasad, R. Sanjinés, P. E. Schmid & F. Lévy: Electrical and Optical 
Properties of TiO2 Anatase Thin Films. J. Appl. Phys. 75, l2042 (1994). 
25. H. Hosono, N. Kikuchi, N. Ueda & H. Kawazoe: Working Hypothesis to Explore 
Novel Wide Band Gap Electrically Conducting Amorphous Oxides and Examples. J. 
Non-Cryst. Solids 198-200, l165 (1996). 
 
 
 
   82  
Chapter 4: Crystal Chemistry and Electrical Properties of 
the Delafossite Structure 
A paper published in Thin Solid Films1 
Meagen A. Marquardt2,3, Nathan A. Ashmore2, and David P. Cann4, 
Abstract 
Over the past few decades, the field of transparent conducting oxides has 
undergone tremendous advances. With the rapid growth of optoelectronic applications 
related to display technologies, traditional materials such as Sn-doped indium oxide 
(ITO) are now widely used as transparent electrodes. In addition, with the advent of      
p-type transparent conductors, through the transparent pn-junction building block, a 
wide range of functional transparent optoelectronic devices have been demonstrated 
including UV-emitting diodes, UV-detectors, and transparent thin film transistors. This 
paper will highlight the unique characteristics of oxide materials based on the 
delafossite structure with a focus on the interrelationship between the chemistry, crystal 
structure, process conditions, and electrical and optical properties. The delafossite 
structure (ABO2) is characterized by a layer of linearly coordinated A cations stacked 
between edge-shared octahedral layers (BO6).  The  A-site cation is comprised of Pt, Pd, 
Ag, or Cu ions nominally in a monovalent state. The B-site cation can consist of most 
trivalent transition metals, group III elements, rare earths, or charge compensated pairs 
(e.g. B2+/B4+). This layered structure leads to highly anisotropic physical properties. The 
crystal chemistry of the delafossite structure will be discussed in reference to phase 
stability, the stability of dopants, and the important physical properties such as the 
conductivity and optical transparency. 
Keywords: Delafossite, transparent conducting oxides, doping, crystal chemistry 
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1. Historical Background 
In 1873, Friedel first noted the existence of the compound CuFeO2 during the 
analysis of a mineral sample from Siberia [1]. The mineral was named delafossite in 
honor of the French mineralogist and crystallographer Gabriel Delafosse, whose work 
elucidated the interrelationships between crystal symmetry and physical properties. 
Later work by Rogers confirmed the existence of the mineral in a number of copper 
mines in America [2, 3]. Delafossite is a secondary mineral commonly found near the 
base of the oxidized zone of copper deposits. The crystal structure of delafossite was 
established first by Soller and Thompson [4] using a synthetically prepared sample and 
later by Pabst [5] using a mineral sample. 
A series of significant papers by Shannon, Rogers, and Prewitt detailed the 
synthesis, crystal structure, and electrical transport properties of a large family of 
compounds with the delafossite structure (e.g. PtCoO2, PdCoO2, CuFeO2, and AgFeO2) 
[6-8]. The optical properties of Cu-based delafossite compounds were explored in a 
series of papers by Benko and Koffyberg [9-12]. Interest in the delafossite structure grew 
immensely with the demonstration of p-type conductivity and transparency in CuAlO2 
thin films by Kawazoe    et al. [13].  Conductivities as high as 10 S/cm were recorded, as 
well as good transparency over the visible spectrum (Eg  3.5 eV). With this 
development, transparent pn-junctions could be fabricated, and from this basic building 
block a wide range of transparent optoelectronic devices have been developed. 
2. Crystal Structure of Delafossite 
Delafossite compounds belong to a family of ternary oxides with the general 
formula ABO2. In this structure, the A cation is linearly coordinated to two oxygen ions 
and occupied by a noble metal cation which is nominally in the +1 oxidation state. 
Typical A cations include Pd, Pt, Cu, or Ag. The interatomic distance between A cations 
is quite small, ranging from 2.8 to 3.0 Å for most compounds. The B cation is located in 
distorted edge-shared BO6 octahedra with a central metal cation having a +3 charge. 
Cations fitting this requirement can be either p-block metal cations such as Ga, In, and 
Al; transition metal cations such as Fe, Co, and Y; and rare earth elements such as La, 
Nd, and Eu. The oxygen ion is in pseudo-tetrahedral coordination with one A and three 
B cations, as B3AO. 
The delafossite structure can be visualized as consisting of two alternating layers: 
a planar layer of A cations in a triangular pattern and a layer of edge-sharing BO6 
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octahedra flattened with respect to the c-axis. Depending on the orientation of each layer 
in stacking, the delafossite structure can form as one of two polytypes. By stacking the 
double layers with alternating A layers oriented 180° relative to each other, the 
hexagonal 2H type is formed. This structure has P63/mmc space group symmetry. If the 
double layers are stacked with the A layers oriented the same direction relative to one 
another but offset from each other in a three layer sequence, the rhombohedral 3R type 
is formed. This structure has space group symmetry of   R3 m . Both polytypes are shown 
in Figure 1. 
A transmission electron microscopy (TEM) study of the microstructure of 
CuGaO2 ceramics revealed an interesting feature shown in Figure 2a [14]. Laminar twins 
were observed inside the grains, with the selected area electron diffraction pattern 
shown in the inset. Indexing the electron diffraction pattern shows that the twinning 
plane is the {0001} basal plane. The systematic absence of {0001} and {0002} diffraction 
spots confirm the trigonal 3R symmetry. The image in Figure 2a was hence taken with 
lamellar twins at an edge-on position and their thickness can be estimated from this 
micrograph. The thickness varies from several to several tens of nanometers. The twins 
were observed to extend across the entire grain, indicating a typical length of several 
micrometers. As a consequence of these extremely thin, yet quite large, platelet twins, 
severe streaking along the thickness [0001] direction was evident in the electron 
diffraction spots.   
It is interesting to note that TEM images of the n-type delafossite AgInO2 (Figure 
2b) exhibited a significantly smaller number of twins. The primary subgrain structural 
feature in this material was the small-scale texture. Severe strain fields associated with 
these features were observed, causing the image contrast to blur. These textures may be 
composed of clusters of point defects, small scale stacking faults, or small twins. Further 
work is needed to clarify these structural features. 
3. Crystal Chemistry of the Delafossite Structure 
Ternary oxides with the chemical formula ABO2 can form a variety of structural 
phases. As shown in Table I, four individual coordination classes of ABO2 compounds 
have been identified [7].  
The first three coordination classes listed in Table I, AVIBVIO2
VI, AIVBIVO2
IV , and 
AVIIIBIVO2
VI, form structures which are easily explained by analyzing the radii of the A 
and B cations. The most prevalent coordination class of ABO2 compounds is the type 
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AVIBVIO2
VI, in which the A and B cation layers are ordered along the (111) direction of a 
cubic NaCl-type pseudocell [8]. Smaller B cations tend to favor tetrahedral coordination, 
so whether or not the ABO2 compound belongs to the coordination class A
IVBIVO2
IV  or 
AVIIIBIVO2
VI depends on the radius of the A cation [8]. A smaller coordination 
environment is favored when A cations are small. Similarly, large A cations favor the 
higher eight-fold coordination environment. Compounds forming the delafossite-type 
ABO2 oxide, with coordination class A
IIBVIO2
IV , consist of A cations with the smallest 
ionic radius of all the ABO2-type oxides [7]. By combining all the ionic radius 
information for ABO2 compounds, a structure field map can be drawn as in Figure 3.  
As seen in Figure 3, the delafossite structure is stable for only four ions on the    
A site, while several B cations are possible. Table II presents structural data on all known 
ABO2 delafossite compounds. The lattice parameters of the delafossite structure are 
strongly influenced the ionic radii of the A and B cations. As Figure 4a illustrates, the    
a-axis is strongly influenced by the ionic radii of the B cation, while the c-axis is fixed 
largely by the O-A-O bond length. Due to the repulsive nature of the B3+ cations along 
the shared octahedral edges, a distortion occurs, resulting in a shortened interatomic 
distance between the oxygen anions. As the B cation radius increases, the B-O distance 
increases while the    O-O contact distance remains relatively unchanged. Therefore, an 
increase in B cation size has little impact on the c-axis lattice parameter, as shown in 
Figure 4b. 
4. Crystal Chemistry of Complex Delafossite Compounds 
The octahedral coordination of the B cation site in the delafossite structure allows 
it to accommodate trivalent cations having a large spread of radius, from ~0.5 to over 1.0 
Å (see Figure 3). This wide range in cation size allows the substitution of a charge-
compensated pair into the site while maintaining the overall +3 ionic charge. Such 
substitutions could include a 1:1 mixture of 2+/4+ or 1+/5+ cations or a 2:1 mixture of 
2+/5+ cations. In addition to increasing the number of available delafossite compounds, 
these substitutions also have the potential of improved electrical, optical, and magnetic 
properties. To date, complex delafossites with mixed B-sites studied fall into three 
general categories: (1) a 2:1 mixture of a divalent cation with pentavalent antimony [15, 
16], (2) an even mixture of 2+/4+ cations [17, 18], and (3) a mixture of two 3+ cations [19-
23]. There are no stable compounds reported with a mixture of 1+/5+ cations. 
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Figure 5 shows a structure field map of all known complex delafossites. The 
lower oxidation state cation is plotted along the x-axis. Given the sparse data shown in 
Figure 5, it is not possible to draw any general conclusions about the stability of complex 
delafossite compositions. However, it is apparent that ionic radii considerations are not 
the only determining factor for the delafossite phase, as a number of compounds with a 
very close match in ionic radii do not form stable delafossites (e.g. CuNi0.5Zr0.5O2 and 
CuZn0.5Zr0.5O2). It is likely that a small electronegativity difference strongly favors 
delafossite formation, as demonstrated by compounds such as CuCo0.5Ti0.5O2, 
CuNi0.5Sn0.5O2, and CuZn2/3Sb1/3O2. However, there are notable exceptions in the Mg-
containing compounds. Each general category of complex delafossites will be examined 
individually in the following sections. 
4.1   AB2/3
2 + B1/3
5+ O2   Compounds 
A large number of compounds of the general formula unit AB2/3
2+B1/3
5+O2 
incorporate Sb5+ as the pentavalent cation because its 4d10 electronic configuration is the 
same as In3+, which has a favorable electronic structure [15, 24]. The following divalent 
cations have been shown to form the delafossite structure with Sb: Mn, Co, Ni, Zn, and 
Mg [15, 16]. Ordering of the B-site cations was observed in some of the compounds, 
which resulted in expanded lattice parameters. In this ordered structure, each SbO6 
octahedron is surrounded by M2+O6 octahedra, thereby preventing close contact between 
pentavalent Sb in adjacent edge shared octahedra [15]. Electrical and optical results exist 
for films of CuNi2/3Sb1/3O2 with 10% Sn substituted for Sb [16]. Room-temperature 
conductivity was p-type and measured to be    0.05 S/cm.  The films had a transparency 
of 60% in the visible region. Structural results of all Sb-containing compounds are listed 
in Table III [15]. 
4.2   AB0.5
2 +B0.5
4 +O2  Compounds 
The following complex delafossite compositions are composed of an even 2+/4+     
B-site substitution: AgNi0.5Ti0.5O2, AgCo0.5Ti0.5O2, AgCo0.5Sn0.5O2, CuCo0.5Ti0.5O2, 
CuCu0.5Ti0.5O2, CuNi0.5Ti0.5O2, and CuNi0.5Sn0.5O2 [18, 25, 26]. The Cu-based delafossites 
were successfully fabricated using solid-state synthesis with oxide precursors and the 
Ag-based delafossites were prepared via an exchange reaction. No physical properties 
have been reported for these compounds as yet; only structural data is available. Refined 
structural information for all known AB0.5
2+B0.5
4+O2  compositions are given in Table IV. 
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A delafossite compound with composition CuNi1/3V2/3O2 was recently reported 
by El Ataoui et al. [27]. This compound consisted of a B cation substitution with Ni in its 
2+ oxidation state and V in a mixed 3+/4+ oxidation state to maintain the overall +3 
charge for the B cation site. XRD results of this composition show the compound 
possesses the 3R polytype with a = 2.9865(2) Å and c = 17.191(1) Å and a room 
temperature conductivity of ~10-3 S/cm [27]. 
4.3   A(  B 
3 + ,   B 3 + )O2  Compounds 
It has been thought that substituting a mixture of two trivalent cations for the B 
cation in the delafossite structure would create a compound which can exhibit a 
compromise of desired properties of the existing single-cation compositions [16]. To that 
end, three mixed B cation delafossites have been studied: CuGa1-xFexO2, CuGa1-xInxO2, 
and CuLa0.5Y0.5O2.   
CuGa1-xFexOx was studied to determine if a composition exists which combines 
the excellent transparency of CuGaO2 with the higher conductivity of CuFeO2 [16, 22]. 
Characterization of a thin film with composition CuGa0.54Fe0.39O2 showed it possessed a 
room temperature conductivity of 1.0 S/cm, a significant improvement over pure 
CuGaO2. However, transparency was still compromised, with the film only exhibiting 
50-70% transmission through the visible region. The magnetic properties of bulk CuGa1-
xFexO2 were also investigated, showing long range magnetic ordering in compositions 
with x  0.67 [22]. 
The stability of bulk delafossite CuGa1-xInxO2 was found to exist in the 
composition range 0  x  0.1. The best phase stability was found for x = 0.05. A sintered 
pellet of CuGa0.93In0.065O2 was found to posses a conductivity of 3.7  10-4 S/cm [20].  
The structural properties of mixed B cation delafossite CuLa0.5Y0..5O2 were 
investigated under the effect of an oxidizing environment [21]. When reacted with a 
hypochlorite solution, the 3R delafossite phase was retained with little change in lattice 
parameter (a = 3.653(3) Å, c = 17.078(7) Å). Upon further oxidation at 400°C, the 
symmetry changes to hexagonal and lattice parameters shift to a = 6.422(4) Å and c = 
11.075(6) Å [21]. 
Another interesting complex delafossite with an apparent trivalent B cation 
mixture is the composition CuFe1-xVxO2 (0  x  0.67) [19, 23]. The composition 
CuFe0.5V0.5O2 was first reported by Nagarajan et al. [19]. Their work showed that a bulk 
specimen possessed the 3R structure with a = 3.0282(5) Å and c = 17.197(1) Å and room 
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temperature conductivity of 4.8 x 10-6 S/cm. Further studies of CuFe1-xVxO2 were 
conducted by El Ataoui et al. [23] over a wider composition range (0  x  0.67) in order 
to determine the oxidation states of Fe and V. Samples with the delafossite phase were 
synthesized over the entire composition range and Mössbauer spectra were recorded to 
determine the structural surroundings of the Fe ions. Results showed only one Fe site, 
suggesting that both Fe and V exist in the nominal 3+ oxidation state in the structure. 
5. Synthesis of Delafossites 
The early work by Shannon described a number of synthesis methods for both 
metallic (Pd, Pt) and semiconducting (Cu, Ag) delafossites. The instability of the group 
VIII and IB metal oxides in the delafossite structure introduces some great challenges to 
processing. This is especially true given the tight control over the stoichiometry that is 
required to make reproducible measurements of the conductivity and mobility of these 
materials. Under elevated pressures most of the delafossite compounds can be obtained 
via solid-state reaction (usually in Ar). However, for some compounds, the alternate 
reaction routes described in the following section are more appropriate. 
5.1 Low Temperature Synthesis Techniques 
The low decomposition temperatures of noble metal oxides of Pt (PtO), Pd 
(PdO), and Ag (Ag2O) pose a hindrance to the formation of highly crystalline oxide 
phases containing these metals [6]. In order to overcome this hindrance, various closed-
system and otherwise low-temperature synthesis techniques have been employed. Of 
particular interest are metathesis, high-pressure, hydrothermal, oxidizing flux, cation 
exchange, and other chemical solution reactions. 
In metathetical reactions for the formation of the delafossite phase, the halide of a 
chosen noble metal is reacted with a B cation oxide precursor in a sealed silica ampoule 
and heated to a temperature approaching 900°C [6, 28]. No external pressure is required 
for synthesis. Example metathetical reactions for the synthesis of PdCoO2 and CuFeO2 
are shown in Equations 1 and 2.The halide salt reaction product can be removed by 
leaching with H2O to leave a single-phase delafossite product [6]. 
 
PdCl2 +2CoO PdCoO2 +CoCl2  (1) 
 
CuCl +LiFeO2CuFeO2 +LiCl  (2) 
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Hydrothermal reactions involve reacting oxide precursors in an aqueous solution 
of either HCl or NaOH [6, 29, 30]. Typical reactions of this type are carried out in sealed, 
thin-walled platinum or gold tubes at temperatures ranging from 500-700°C and an 
externally-applied pressure of 20.7 MPa [6]. A recently developed hydrothermal 
synthesis technique has proven successful in producing CuAlO2 [29, 31] and AgInO2 [30] 
at low temperature and pressure. This hydrothermal technique involves reacting oxide 
precursors in an aqueous NaOH solution sealed in a FEP (fluoro(ethylene-propylene)) 
Teflon pouch in an autoclave at a temperature of 175°C. 
Oxidizing flux synthesis techniques are a means to facilitate cation exchange 
reactions. In this technique, a low-melting point flux, typically a chloride or nitrate from 
of one of the components, is utilized as a catalyst for the cation exchange reaction [6, 32-
34]. As an example, undoped or doped AgInO2 delafossite can be synthesized via a two 
step reaction [32, 35]. First a precursor layer structure phase is synthesized via solid-state 
reaction as shown: 
 
  Na2CO3 + In2O3  2NaInO2 + CO2  (3) 
 
The NaInO2 powder is then reacted in a flux of AgNO3-KNO3 to obtain the 
delafossite phase via the following reaction: 
 
  AgNO3 + NaInO2 AgInO2 + NaNO3  (4) 
 
The NaNO3 product can be removed using water, leaving behind crystalline 
AgInO2. Dopants which are in solid solution in the NaInO2 precursor phase become 
incorporated into the delafossite phase. In this manner, Sn-doped AgInO2 with a high 
conductivity can be obtained. However, because of the low temperatures, these types of 
reactions can take up to 4 days to complete [32, 34]. 
Another low temperature chemical solution synthesis technique attempted for 
various delafossite compounds is the sol-gel method. CuAlO2 has been successfully dip-
coated onto a silica glass substrate using a mixture of copper acetate hydrate, ethanol,          
2-methoxyethanol, and butanolic 1.0M aluminum-trisec-butoxide solution [36]. 
Additional solution synthesis methods have been attempted for CuAlO2, involving 
mixtures of various copper and aluminum sources and a dip-coating technique [37]. 
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5.2 Solid-State Synthesis 
While not practical for Ag, Pd, and Pt-based delafossite compounds, solid-state 
synthesis has been successful at synthesizing a large number of Cu-based delafossite 
compounds. The only exception is CuInO2, for which cation exchange reactions are the 
only way to synthesize the delafossite phase directly [34, 38]. However, it is possible to 
synthesize the compound Cu2In2O5 in ceramic form to serve as a target for pulsed laser 
deposition of CuInO2 delafossite thin films [39]. To stabilize monovalent Cu, it is 
necessary to quench from high temperatures (generally 1000-1200°C). For example, the 
phase field for CuAlO2 delafossite exists at temperatures and pO2 values at the boundary 
between (CuO  + Al2O3) on the reducing side and between (Cu2O + CuAl2O4) on the 
oxidizing side [40]. Many compounds, such as CuAlO2, can be processed to single phase 
delafossite with quenching in air. Using a high-temperature controlled-atmosphere 
furnace with quenching capability, it is possible to synthesize other delafossite 
compounds such CuGaO2 in both powder and ceramic forms [14]. Typical processing 
conditions for CuGaO2 are pO2 = 0.001 atm at 1100°C. Solid state synthesized powders 
and ceramics typically exhibit a high degree of crystallinity. Polycrystalline ceramics can 
be prepared via this technique with typical densities ranging between 60 and 95 percent 
of the theoretical density. 
5.3 Thin Film Synthesis 
From an application standpoint, while it is important to stabilize the delafossite 
phase during synthesis, it is extremely important to be able to deposit the resulting 
material as a thin film on a substrate. Typically, sintered disc samples are required as a 
deposition source for thin films. A variety of thin film deposition techniques have been 
employed for the various delafossite materials in existence. Some thin film deposition 
techniques commonly used for creation of delafossite films include pulsed laser 
deposition (laser ablation), chemical vapor deposition, and RF sputtering. 
Pulsed laser deposition has been used to deposit thin films of CuAlO2 [13, 41-46], 
CuInO2 [47, 48], CuGaO2 [42, 44, 45, 49, 50], AgInO2 [42, 44, 51], and CuScO2 [52]. In 
general, this technique utilizes a high-energy laser pulse, typically from a KrF excimer 
laxer, to vaporize a sintered disc target to deposit a thin film on a variety of substrates. 
Common substrate materials are sapphire, quartz, and yttria-stabilized zirconia. This 
technique requires a substrate temperature ranging from 450-700°C and a base pressure 
of 10-6 Pa.  
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Chemical vapor deposition was used to deposit CuAlO2 films from metallorganic 
precursors [53]. This deposition technique requires low pressure, typically on the order 
of   5-10 Pa. For the CuAlO2 deposition, a quartz substrate at a temperature of 745°C was 
used [53]. 
RF sputtering deposition techniques have been utilized to deposit thin films of 
CuAlO2 [54-59], CuGaO2 [41], CuGa1-xFexO2 [16], CuScO2 [19, 60], CuCr1-xMgxO2 [19, 61], 
and AgInO2 [35, 45]. This deposition technique requires a vacuum pressure of 
approximately   10-4 Pa. Deposition temperature can range from 100-700°C, and the 
substrate material is typically SiO2 glass.  
From the preceding overview of the differing thin film deposition techniques 
utilized, one can easily see the wide rage in temperatures and vacuum pressures 
employed. Substrate temperature may become an issue when considering the fabrication 
of transparent semiconducting devices, since elevated temperatures may cause reaction 
between device layers [45, 62].   
6. Electrical Properties of Delafossites 
Delafossite compounds can exhibit conductivities ranging from insulating to 
semimetallic depending on the composition, as seen in Table V. In the model originally 
proposed by Rogers et al. [8], and later modified by Jacob et al. [63], Tanaka et al. [64], 
Yanagi et al. [41], and Ingram et al. [65], hybridization of the linearly coordinated A 
cation   dz 2 -s orbitals occurs, as well as between   dz 2 -s and the oxygen pz state.   
The d9 electron configuration of the monovalent cations Pd and Pt creates an 
unfilled   dz 2 -s hybrid orbital which is ultimately responsible for the observed metallic 
conductivity.  The anisotropic nature of the electronic structure accounts for the highly 
anisotropic nature of the conductivity. Typical values for PdCoO2 are 5 x 105 S/cm 
perpendicular to the z-axis, and 5 x 102 S/cm parallel to the z-axis [8]. It must be noted 
that the B-cation p-states do not have a significant influence on the valence band 
properties. 
Delafossite compounds with monovalent A-cations having d10 electronic 
configurations, such as Cu and Ag, have a filled valence band and thus exhibit 
semiconducting behavior. Energy band calculations and spectroscopy data for CuAlO2 
reveal an indirect transition at ~1.8 eV and a direct transition at ~3.5 eV. Absorption at 
the indirect gap is not allowed to a significant degree, so the optical properties are 
largely determined by the direct gap.   
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As noted earlier, CuAlO2 and other Cu-based delafossite compounds exhibit p-
type conductivity in absence of any intentional doping. Drawing upon the known defect 
chemistry of Cu2O [66], it has been theorized that a combination of ionized copper 
vacancies (VCu) and/or interstitial oxygens (Oi) are the primary defects responsible for 
p-type conductivity in delafossites such as CuAlO2 and CuGaO2 [13, 43, 49]. However, 
based on a wide range of experimental results, it is likely that other defect mechanisms 
are at work, depending upon the size of the lattice. 
The influence of copper vacancies was probed through synthesis and 
characterization of non-stoichiometric CuxGaO2 compositions. A combination of XRD 
and SEM/EDS data suggests that solid state synthesized CuGaO2 delafossite ceramics 
tolerate very little variation in the Cu stoichiometry in CuxGaO2 [67]. Secondary phases 
were clearly observed at non-stoichiometric compositions x = 0.98 and x = 1.02. 
Furthermore, there exists a compositional range between approximately Cu0.99GaO2 to 
Cu1.02GaO2 where the unit cell dimensions remained constant. Most importantly, the 
electrical transport properties of the non-stoichiometric compositions did not exhibit a 
strong dependence on x. This compositional invariance seen in the electrical data 
combined with the structural data supports the conclusion that the delafossite phase has 
very little tolerance for Cu non-stoichiometry. Thus, if copper vacancies are the 
dominant defect responsible for the p-type conductivity, their concentration cannot be 
controlled through equilibrium compositional modifications.   
In contrast to the results for Cu-delafossites, Yagi et al. were able to demonstrate 
a significant increase in conductivity in Ag-deficient AgxCoO2 delafossite compounds 
prepared through ion exchange reactions [68]. However, their study was focused on the 
thermoelectric properties, and a full structural analysis of the Ag-deficient structure was 
not included. 
Evidence that supports the role of oxygen interstitials has been found in the 
demonstration that oxygen intercalation of CuScO2, CuYO2, and other rare earth 
delafossites was shown to significantly improve conductivity [16, 19, 69]. This 
phenomena does not appear to be applicable to all delafossite compounds because, 
according to Ingram et al., the stability of an oxygen interstitial defect is dependent upon 
the lattice size [31]. The most likely location for an oxygen interstitial defect is in the 
basal plane within the layer of A-cations. Given the ionic radii for three-fold coordinated 
O2- of 1.22 Å, the a-lattice parameter fixes the size of the interstitial site and therefore 
determines the stability of the oxygen interstitial defect [70]. Large B-cation delafossites 
such as CuScO2 (  rSc
3 +  0.885 Å) and CuYO2 (  rY
3 +  1.04 Å) have large a-axis lattice 
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parameters (see Figure 4a) with large interstitial sites that can accommodate an oxygen 
interstitial. Delafossite compounds with smaller B cations such as CuAlO2 (  rAl
3 + 0.675 Å) 
cannot accommodate these oxygen interstitial defects. 
In CuAlO2, it has been demonstrated that the Cu/Al stoichiometry has a 
significant effect on the conductivity. The model of Ingram et al. for CuAlO2 proposes 
that an intrinsic acceptor defect associate   (AlCu
•• 2   O i   ) , composed of a tetrahedrally 
coordinated Al3+ located on the Cu-site, determines the hole concentration [31, 71]. The 
concentration of this defect associate appears to be dependent on the Cu/Al 
stoichiometry in CuAlO2. This explains the observation that hydrothermally prepared 
CuAlO2, which is typically Al-rich, has a higher conductivity than solid state 
synthesized CuAlO2. As was demonstrated in CuGaO2, samples prepared by solid state 
synthesis do not exhibit a significant degree of non-stoichiometry. 
Table VI shows that a number of doped delafossite compounds exhibit very high 
conductivities, with Mg-doped CuCrO2, Mg-doped CuScO2, and Sn-doped AgInO2 
exhibiting the highest conductivity of all delafossite compounds. These are exceptional 
cases, and in general, doping in delafossites is not an effective means of increasing the 
conductivity. This is partially due to the low solubility of dopant cations in the structure, 
which is most likely related to limitations on non-stoichiometry. In addition, aliovalent 
doping can also lead to the formation of compensating ionic defects or defect associates. 
For example, Sn-doping into solid state synthesized CuGaO2 resulted in the formation of 
compensating copper vacancies based on conductivity measurements and XRD results 
[14]. 
While Cu-based delafossites are predominantly p-type, because of band 
alignment considerations, CuInO2 and AgInO2 can be donor doped to n-type 
conductivity. Following the doping limit rule commonly observed in many wide band 
gap semiconductors [24, 72, 73], the absolute position of the valence band maximum and 
conduction band minimum relative to the vacuum level determines whether 
spontaneous compensating dopants are formed, which limits the effectiveness of 
doping. Based on this approach, the compound CuInO2 is unique in that bipolar doping 
is possible as demonstrated by Yanagi et al. with Ca- and Sn-doping [48]. Acceptor 
doping of AgInO2 has not been successful in inducing p-type conductivity, however. 
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7. Magnetic Properties of Delafossites 
Some delafossite compounds with a magnetic ion on the B cation site have been 
found to possess interesting magnetic properties. In complex delafossite CuNi1/3V2/3O2, 
the dominant magnetic interactions were found to be antiferromagnetic in nature, yet 
the reciprocal magnetic susceptibility does not follow Curie-Weiss behavior [27]. No 
long-range ferro- or ferrimagnetic ordering occurs in CuNi1/3V2/3O2 and there are no 
results as yet indicating antiferromagnetic ordering at low temperatures. The magnetic 
properties of CuFe1-xGaxO2 were studied over the composition range 0  x  0.67, with 
the findings of weak ferro- or ferrimagnetic impurity and predominant 
antiferromagnetic Fe-Fe interactions [22]. Ag-based complex delafossites AgCo0.5Ti0.5O2 
and AgCo0.5Sn0.5O2 possessed slightly different magnetic properties despite both 
compounds possessing Co2+ in the high spin configuration. AgCo0.5Ti0.5O2 was found to 
possess ferromagnetic interaction while the magnetic interactions in AgCo0.5Sn0.5O2 were 
found to be antiferromagnetic [26]. 
In addition to complex delafossites, doped single B cation delafossite compounds 
have also been found to possess interesting magnetic characteristics. In the case of            
Mn-doped CuAlO2, the Mn-doping causes an antiferromagnetic exchange coupling 
between Mn ions in the lattice, leading to paramagnetic behavior in the bulk sample 
[74]. Oxygen intercalation in rare-earth delafossites causes some of the Cu ions to 
become magnetic, possessing a 2+ oxidation state and spin  [69, 75, 76]. As previously 
discussed, interstitial oxygen ions locate themselves in the center of the triangular-
coordinated Cu-ion layer. In these delafossite materials, it is thought the oxygen ions 
situate themselves in the center of corner-sharing magnetic Cu triangles, forming a so-
called -chain or sawtooth lattice [75, 76]. The magnetic behavior of these compounds is 
complex and possesses some peculiarities. In particular, the magnetic susceptibility 
initially exhibits a Curie-like behavior at low temperatures, followed by a broad 
minimum leading to a broad maximum as temperature is increased through room 
temperature and beyond [69, 76].  
8. Conclusions 
The crystal chemistry, structure, and electrical properties of all known delafossite 
compounds were discussed in this paper. Delafossites represent a unique type of ABO2 
oxide material that can exhibit a range of electrical properties—from insulating to 
metallic conduction—depending on the composition. It has also been shown that many 
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Cu-based delafossites exhibit p-type conductivity in the absence of intentional doping. In 
addition to the wide range in electrical properties, the delafossite structure 
accommodates a wide range of B cation substitutions, including a charge-compensated 
pair of 2+/4+ and 2+/5+ cations as well as a 3+/3+ solid solution. The stability of the 
delafossite phase depends on a variety of factors, including cation radius, 
electronegativity, and thermodynamics. 
With increased knowledge of the electronic properties, electronic structure, and 
processing methods, greater attention has been placed on exploiting the bipolar 
transparent conducting characteristics of delafossite compounds for transparent 
electronic applications. This has led to successful demonstration of the use of delafossite 
compounds in a variety of transparent devices such as pn-junction diodes, UV LEDs, 
and transparent transistors. 
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Figure List 
Figure 1: The delafossite structure.  The A cation layers are highlighted to observe the 
stacking sequences in the two polytypes: (a) 3R polytype,   R3 m  space group symmetry;     
(b) 2H polytype, P63/mmc space group symmetry. 
 
Figure 2: (a) TEM image of CuGaO2 microstructure.  The occurance of twins is shown in 
the top portion, with the selected area electron diffraction pattern shown in the bottom 
portion; (b) TEM image of AgInO2 microstructure. 
 
Figure 3: Structure field map of ABO2 oxides. 
 
Figure 4: Plots of lattice parameters versus ionic radii for all known delafossites.                  
(a) Variation in a-axis lattice parameter; (b) Variation in c-axis lattice parameter. 
 
Figure 5: Structure field map of complex delafossites. 
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Figure 2: (a) TEM image of CuGaO2 microstructure.  The occurrence of twins is shown in 
the top portion, with the selected area electron diffraction pattern shown in the bottom 
portion; (b) TEM image of AgInO2 microstructure. 
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Figure 3: Structure field map of ABO2 oxides. 
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Figure 4:  Plots of lattice parameters versus ionic radii for all known delafossites.                  
(a) Variation in a-axis lattice parameter; (b) Variation in c-axis lattice parameter. 
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Figure 5: Structure field map of complex delafossites. 
Tables 
Table I: Coordination classes of ABO2 compounds [7]. 
Coordination Class Typical Compounds Symmetry 
  A
VIBVIO2
VI  NaCl Cubic 
 -NaFeO2 Rhombohedral 
 -LiFeO2 Tetragonal 
  A
IVBIVO2
IV  -NaFeO2 Orthorhombic 
  A
VIIIBIVO2
VI  KFeO2 Orthorhombic 
  A
IIBVIO2
IV  CuFeO2 Delafossite Rhombohedral 
  CuYO2 Delafossite Hexagonal 
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Table II: Structural data for ABO2 compounds with the delafossite structure. 
Composition Space Group a (Å) c (Å) Ref 
AgAlO2   R3m 2.8729 18.336 [6] 
AgCoO2   R3m 2.890 18.27 [6] 
AgCrO2   R3m 2.9843 18.511 [6] 
AgFeO2   R3m 3.0391 18.59 [6] 
AgGaO2   R3m 2.9889 18.534 [6] 
AgInO2   R3m 3.2772 18.881 [6] 
AgNiO2   R3m 2.936 18.35 [77] 
AgRhO2   R3m 3.0684 18.579 [6] 
AgScO2   R3m 3.2112 18.538 [70] 
AgTlO2   R3m 3.568 18.818 [70] 
CuAlO2   R3m 2.8571 16.94 [6] 
CuAlO2 P63/mmc 2.863 11.314 [78] 
CuCoO2   R3m 2.8488 16.92 [6] 
CuCrO2   R3m 2.975 17.096 [6] 
CuEuO2   R3m 3.63 17.08 [69] 
CuFeO2   R3m 3.0351 17.166 [6] 
CuGaO2   R3m 2.975 17.154 [6] 
CuInO2   R3m 3.2922 17.338 [34] 
CuLaO2   R3m 3.83 17.10 [69] 
CuNdO2   R3m 3.71 17.09 [69] 
CuPrO2   R3m 3.75 17.05 [69] 
CuRhO2   R3m 3.074 17.094 [6] 
CuScO2   R3m 3.2204 17.0999 [79] 
CuScO2 P63/mmc 3.223 11.413 [78] 
CuSmO2   R3m 3.65 17.03 [69] 
CuYO2   R3m 3.533 17.136 [78] 
CuYO2 P63/mmc 3.531 11.418 [80] 
PdCoO2   R3m 2.83 17.43 [6] 
PdCrO2   R3m 2.9239 18.087 [6] 
PdRhO2   R3m 3.0209 18.083 [6] 
PtCoO2   R3m 2.83 17.84 [6] 
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Table III: Structural properties of   AB2/3
2 + B1/3
5+ O2  delafossites [15]. 
Compound Space Group Ordering a (Å) c (Å) 
CuMn2/3Sb1/3O2 P63/mmc ordered 5.5575(4) 34.5668(4) 
CuCo2/3Sb1/3O2 P63/mmc disordered 3.1090(1) 11.4984(6) 
CuNi2/3Sb1/3O2 P63/mmc +   R3m disordered 3.04(1) 11.464(8) 
CuZn2/3Sb1/3O2 P63/mmc ordered 5.3480(8) 34.416(3) 
CuMg2/3Sb1/3O2 P63/mmc ordered 5.3570(6) 34.441(3) 
 
Table IV: Structural properties of   AB0.5
2 +B0.5
4 +O2  delafossites. 
Compound Space Group a (Å) c (Å) Ref 
CuCo0.5Ti0.5O2   R3m 3.033 17.183 [18] 
CuCo0.5Ti0.5O2 P63/mmc 3.0177 11.449 [18] 
CuCu0.5Ti0.5O2   R3m 3.035 17.163 [25] 
CuCu0.5Ti0.5O2 P63/mmc 3.04 11.46 [25] 
CuNi0.5Ti0.5O2   R3m 3.009 17.24 [18] 
CuNi0.5Sn0.5O2   R3m 3.117 17.329 [18] 
AgCo0.5Ti0.5O2   R3m 3.035 18.62 [26] 
AgNi0.5Ti0.5O2   R3m 3.016 18.672 [18] 
AgCo0.5Sn0.5O2   R3m 3.16 18.7 [26] 
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Table V: Electrical properties of all known ABO2 delafossites. 
Composition Form   (S/cm) Type µ  (cm2/V-s) Ref 
AgCoO2 crystal 6.7  10-5   [8] 
AgCoO2 film 0.2 p  [16] 
AgCrO2 bulk 1.4  10-6   [19] 
AgFeO2 crystal 3.3  10-8   [8] 
AgGaO2 crystal 2  10-8   [8] 
AgGaO2 bulk 2.5  10-7   [19] 
AgInO2 crystal 1  10-4   [8] 
AgInO2 film 1  10-5   [35] 
AgNiO2 bulk 100   [77] 
CuAlO2 crystal 6.3  10-4 p  [81] 
CuAlO2 bulk 0.36 p 0.1-0.4 [31] 
CuAlO2 film 0.015-2 p 0.13-10 [13, 44, 53, 57, 58] 
CuCoO2 crystal 5  10-6   [8] 
CuCrO2 bulk 3.5  10-5   [11, 19] 
CuCrO2 film 1  0.1 [61] 
CuEuO2 bulk 0.06   [69] 
CuFeO2 crystal 2 n  [8] 
CuFeO2 bulk 0.65 p 0.27 [12] 
CuFeO2 bulk 1.9  10-5 n 1 x 10-6 [82] 
CuGaO2 bulk 5.6  10-3 p 0.1 [10] 
CuGaO2 film 5.6-6.3  10-3 p 0.23 [41, 44, 49, 50] 
CuInO2      
CuLaO2 bulk 6  10-3   [69] 
CuNdO2 bulk 1.8   [69] 
CuPrO2 bulk 0.1   [69] 
CuScO2 film 1.2  10-4   [52] 
CuSmO2 bulk 0.18   [69] 
CuYO2 bulk 0.025   [19] 
PdCoO2 crystal 475 metal  [8] 
PtCoO2 crystal 1000 metal  [8] 
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Table VI: Electrical Properties of Doped Delafossites. 
Compound Max x Form   (S/cm) Type µ  (cm2/V-s) Ref 
CuCr1-xMgxO2 0.05 film 220 p N/A [19, 61] 
CuCr1-xMgxO2 0.05 bulk 0.01-0.077 p <0.1 [11, 19, 61] 
CuAl1-xMnxO2 0.03 bulk <10-6 p N/A [74] 
CuAl1-xMgxO2 0.01 film 4 x 10-4 p 0.1 [58] 
CuY1-xCaxO2 0.02 film 1 p N/A [83] 
CuIn1-xCaxO2 0.07 film 2.8 x 10-3 p N/A [48, 84] 
CuIn1-xSnxO2 0.05 film 3.8 x 10-3 n N/A [48, 84] 
CuGa1-xCaxO2 0.05 bulk 5.6 x 10-3 p 0.1 [10] 
CuFe1-xMgxO2 0.02 bulk 8.9 p 0.1 [12] 
CuFe1-xSnxO2 0.05 bulk 2.4 x 10-4 n 10-6 [12] 
CuSc1-xMgxO2 0.05 film 30 p N/A [16] 
AgIn1-xSnxO2 0.05 film 20-70 n 0.5-1.4 [35, 42, 44, 51] 
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Chapter 5: Effects of Codoping in CuAlO2 and CuGaO2 
Delafossite Compounds 
Abstract 
This chapter reports unpublished research results involving the application of 
codoping and cluster doping theories in an attempt to improve the electrical properties 
of delafossite compounds. The root of the approach is to minimize the effects of intrinsic 
defects through the introduction of a second doping species, allowing the intentional 
dopant to generate charge carriers. Bulk codoped pellet samples of CuAlO2 and CuGaO2 
were tested, each containing n- and p-type dopants with donor-to-acceptor ratios 
ranging from 3:1 to 1:3. No significant change in structural properties was observed in 
codoped CuAlO2 and room-temperature conductivity decreased upon inclusion of 
dopant species. In the case of codoped CuGaO2, a general increase in a-axis lattice 
parameter and decrease in c-axis lattice parameter was observed in doped compositions 
relative to undoped samples. A slight increase in room-temperature conductivity was 
observed in doped samples, though not enough to suggest a significant effect by the 
dopant species. Because of these results, codoping and/or cluster doping techniques do 
not appear applicable for improving the electrical properties of CuAlO2 and CuGaO2 
delafossites. 
1. Introduction 
The current research thrust in the general subject area of transparent conducting 
oxides (TCOs) is to develop transparent semiconducting devices. The key factor limiting 
the immediate development and use of such devices is the inability to dope a single 
material both n- and p-type. So far, the only example of a transparent p-n homojunction 
was fabricated using bipolar CuInO2 delafossite [1-4]. The performance of this                  
p-n junction is severely limited by the low conductivity of CuInO2 compared to other 
TCOs [2-7], thus the best performing transparent diodes are p-n heterojunctions. 
Delafossite ceramics are materials of interest due to the demonstrated bipolar 
conductivity in CuInO2. 
Delafossite ceramics belong to a family of ternary oxides with the general 
formula ABO2. This structure type, shown in Figure 1, features planar layers of               
A cations (typically 1+ ions of Pd, Pt, Cu, or Ag) in a triangular pattern linearly 
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coordinated to two oxygen ions which form the apices of BO6 octahedra that are 
flattened with respect to the c-axis. Two structural polytypes with different layer 
stacking sequences exist, each having unique crystal symmetry. The hexagonal 2H 
polytype has P63/mmc space group symmetry and consists of a stacking scheme in which 
alternating A cation layers are oriented 180° relative to one another. The rhombohedral 
3R polytype, with space group symmetry   R3 m, consists of A cation layers oriented the 
same direction but offset from one another in a three-layer sequence. 
 
 
Figure 1: Both polytypes of the ABO2 delafossite crystal structure. 
 
Delafossites have an advantage over other TCO materials in that they can be 
doped p-type, however, this phenomenon is no longer an advantage if n-type 
conductivity is not achieved. The apparent lack of n-type dopability in delafossites can 
be attributed to the so-called “doping limit rule” observed in many wide-gap II-VI and   
I-III-VI2 semiconductors and TCOs [1, 8, 9]. According to the doping limit rule, the 
ability for a material to be doped is related to the absolute position of the valence band 
maximum and conduction band minimum with respect to the vacuum energy [9, 10].   
In general, materials are easily doped p-type if the valence band maximum is high, while 
n-type doping is favored with a low conduction band minimum.  This further means 
that good p-type conductors have small work function wile good n-type conductors 
have high, positive electron affinity. 
New techniques must be applied if doping limits are to be overcome and bipolar 
conductivity realized in delafossite compounds. An emerging area of interest is that of 
codoping, where the desired conductivity type can be established in a material by 
simultaneously doping it with both donors and acceptors. The theory behind the 
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codoping technique relies on the minimization of intrinsic defects through the use of a 
second doping species, allowing the intentional donor or acceptor to produce the 
wanted charge carriers. This technique has thus far been attempted on ZnO with mixed 
results [10-19]. In addition to codoping, a “cluster doping” theory has been suggested 
for ZnO, whereby a complex consisting of an acceptor:donor ratio greater than 2:1 is 
introduced into the ZnO structure [20]. Despite questionability of experimental results 
found for codoped ZnO, the codoping or cluster doping techniques may prove useful in 
realizing more bipolar delafossite materials. In this chapter, the codoping and cluster 
doping techniques are attempted for two delafossite compositions: CuAlO2 and CuGaO2. 
2. Experimental Procedure 
Bulk codoped pellet samples were prepared for both CuAlO2 and CuGaO2 
delafossite compositions. Dopant species were selected based on ionic radii 
compatibility with each other and the B cation of the host as well as the ability to form a 
solid solution with the respective delafossite at 1% doping levels. In the case of CuAlO2, 
Ge was selected as the n-type dopant and Ni the p-type dopant. For CuGaO2, Sn was the 
n-type dopant and Ni the p-type dopant. 
Codoped CuAlO2 samples were synthesized for donor-to-acceptor ratios of 1:3, 
1:2, 1:1, 2:1, 3:1 with an overall dopant level fixed at 1% using stoichiometric mixtures of 
CuO (Aldrich, 99.99%), GeO2 (Alfa Aesar, 99.999%), NiO (Aldrich, 99.999%), and Al2O3            
(Alfa Aesar, 99.95%). In the case of codoped CuGaO2, pellets were synthesized for 
donor-to-acceptor ratios of 1:3, 1:1, and 3:1 with an overall dopant level fixed at 1%. A 
two-step fabrication technique was employed for this composition, whereby 
stoichiometric amounts of the dopant oxide powders (99.999% NiO from Aldrich and 
99.9% SnO2 from Alfa Aesar) were pre-reacted with Ga2O3 (All-Chemie LTD, 99.999%) at 
1200°C for 12 hr in air prior to reaction with Cu2O (Aldrich, 99.99+%). 
 For all compositions, the appropriate amounts of powder were weighed and 
vibratory milled for 6 h with high-purity ZrO2 media in an ethanol slurry. Powders were 
dried prior to mixing with approximately 5 wt.% poly (vinyl alcohol) binder and 
pressed into 12.54 mm diameter pellets using a cold uniaxial press. Pellets were placed 
in a bed of sacrificial powder for sintering. CuAlO2 pellets were sintered at 1100°C or 
1200°C for 24 hr in air followed by rapid quench to room temperature. CuGaO2 pellets 
were sintered at 1100°C for 12 hr or 24 hr in a controlled pO2 = 10-3 atm followed by 
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rapid quench. A preliminary binder burnout for 6 hr at 500°C was required for all 
pellets. 
Powder x-ray diffraction (XRD) was used to analyze the phase purity and 
structural properties of the sintered pellets. Precise lattice parameter values were 
calculated using UnitCell, which utilizes a least-squares refinement algorithm to 
minimize error between observed and calculated 2 data. Percent theoretical density 
was determined using the Archimedes method. A silver-based conductive paste 
(Heraeus) was painted and fired onto each flat pellet surface. Room temperature 
conductivity of each pellet was measured using a Fluke 8840A multimeter.  
3. Results and Discussion 
While undoped CuAlO2 and CuGaO2 compositions were phase pure, the 
codoped compositions yielded parasitic phases. This is a characteristic of the delafossite 
structure and is likely related to the edge-shared octahedral structure. All CuAlO2 
pellets contained greater than 90% of the delafossite phase. The XRD patterns of the 
pellets synthesized with two firing cycles, 24 hr at 1100°C followed by 24 hr at 1200°C 
with the pellets ground and repelletized between cycles, are given in Figure 2. These 
pellets consisted of at least 95% delafossite and were the densest of all codoped CuAlO2 
pellets, with percent theoretical density ranging between 70-95%. Proper Miller indices 
are assigned to all delafossite peaks in the XRD patterns in Figure 2. An impurity phase 
of CuAl2O4 is present in some samples, as indicated by (*) in the figure.  
The lattice parameters of the codoped CuAlO2 pellets sintered 24 hr at 1100°C 
plus 24 hr at 1200°C are shown in Figures 3 and 4 for all dopant concentrations. As seen 
in these figures, there is little change in the lattice parameters when the codopant ratio 
was changed. In the case of the a-axis lattice parameter (Figure 3), a slight expansion of 
the lattice is observed for all dopant concentrations with the exception being 2:1 Ge:Ni. 
Expansion of the lattice along the c-axis is only observed for dopant ratios of 1:2 and 3:1 
Ge:Ni (see Figure 4). The observance of only a slight change in lattice parameters may 
indicate limited dopant solubility or if the dopant species was incorporated into the 
structure, there is no appreciable change in B-O bond length. This is likely due to the 
closeness in ionic radii of the dopant species to Al, as well as a similarity of the ions’ 
electronegativities. 
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Figure 2: XRD patterns of codoped CuAlO2 pellets sintered 24 hr at 1100°C plus 24 hr at 
1200°C. Delafossite peaks are indexed; CuAl2O4 impurity indicated by (*) where present. 
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Figure 3: a-axis lattice parameter for all codoped CuAlO2 pellets sintered      
24 hr at 1100°C plus 24 hr at 1200°C. Error bars indicate 95% confidence 
intervals of results. 
 
 
Figure 4: c-axis lattice parameter for all codoped CuAlO2 pellets sintered      
24 hr at 1100°C plus 24 hr at 1200°C. Error bars indicate 95% confidence 
intervals of results. 
 
Figure 5 shows the room-temperature conductivity of pellets sintered 24 hr at 
1100°C plus 24 hr at 1200°C. As seen in this figure, all doped compositions exhibited a 
decrease in conductivity compared to the conductivity of 0.55 S/cm observed in the 
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undoped sample. The conductivity of samples with Ge-rich dopants (2:1 and 3:1 Ge:Ni 
ratios) exhibited a significant decrease in conductivity. This shows that the p-type 
conductivity in CuAlO2 can be quenched via donor doping. Furthermore, it was shown 
that Ni-rich doping (1:2 and 1:3 Ge:Ni ratios) resulted in a moderate decrease in 
conductivity. These results agree with those obtained by Stauber et al. for Mg-doped 
CuAlO2 films. When 1% Mg was substituted for Al in an attempt to increase p-type 
conductivity, conductivity decreased from 1.3  10-2 S/cm for undoped CuAlO2 to           
4  10-4 S/cm in the doped film [21]. The inclusion of p-type dopant Ni with n-type 
dopant Ge does not appear to have any significant effect on improving the  n-type 
dopability of CuAlO2. It is apparent from these results that the introduction of a 
codopant species provides no improvement to the electrical properties of CuAlO2.  
 
 
Figure 5: Room-temperature conductivity of codoped CuAlO2 pellets 
sintered 24 hr at 1100°C plus 24 hr at 1200°C. 
Table 1: Percent delafossite phase formed for the various codopant ratios 
and sintering times for codoped CuGaO2. 
 
The amount delafossite phase formed in codoped CuGaO2 samples appeared to 
be dependent upon acceptor-to-donor dopant ratio. As seen in Table 1, it was observed 
that the delafossite phase was stabilized in compositions with Sn-rich dopants, 
especially at the shorter sinter time. Increasing the sintering time had the effect of 
further stabilizing the phase, with all compositions consisting of at least 89% delafossite, 
with CuGa2O4 as the dominant impurity phase. The theoretical density of pellets ranged 
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from ~45% for shorter sinter times to ~65% for longer sinter times. The XRD patterns for 
pellets sintered for 24 hr at 1100°C are given in Figure 6. The Miller indices of CuGaO2 
delafossite peaks are noted on the figure and those peaks belonging to the CuGa2O4 
impurity phase are marked with an (*). 
 
Codopant Ratio Sinter Time % CuGaO2
1:3 Sn:Ni 12 hr 95%
1:3 Sn:Ni 24 hr 94%
1:1 Sn:Ni 12 hr 90%
1:1 Sn:Ni 24 hr 90%
3:1 Sn:Ni 12 hr 80%
3:1 Sn:Ni 24 hr 89%
undoped 12 hr 100%
undoped 24 hr 100%  
 
 
Figure 6:  XRD pattern of codoped CuGaO2 pellets sintered 24 hr at 1100°C.  Delafossite 
peaks are indexed; CuGa2O4 impurity peaks are denoted by (*). 
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The lattice parameters of codoped CuGaO2 pellets sintered for 24 hr at 1100°C are 
shown in Figures 7 and 8 for all dopant concentrations. As can be seen in Figure 7, the   
a-axis lattice parameter expanded as the amount of Ni dopant increased. There was a 
clear difference in the a-axis lattice parameter between the 1:3 Sn:Ni doped sample and 
the undoped sample. In all codoped compositions, the c-axis contracted as compared to 
undoped CuGaO2; the 1:3 Sn:Ni doped composition showed the least amount of change 
in lattice parameter with respect to undoped CuGaO2. It is clear that in the case of 
codoped CuGaO2, the dopant species are affecting the lattice in the form of expansion 
along the a-axis and contraction along the c-axis. 
 
 
 
 
 
 
 
Figure 7: a-axis lattice parameter for all codoped CuGaO2 pellets sintered 24 hr at 
1100°C. Error bars indicate 95% confidence intervals of results. 
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Figure 8: c-axis lattice parameter for all codoped CuGaO2 pellets sintered 24 hr at 
1100°C. Error bars indicate 95% confidence intervals of results. 
 
 
 
 
 
 
Figure 9 shows the room-temperature conductivity of codoped CuGaO2 samples 
sintered for 24 hr at 1100°C. Pellets with Sn:Ni ratios of 1:1 and 3:1 had conductivities 
greater than that of undoped CuGaO2, although the increase was not significant. The 
sample doped with a Sn:Ni codopant ratio of 1:3 showed a decrease in conductivity, 
which has been the trend observed when doping has been attempted with CuGaO2. Gall 
et al. reported conductivity of bulk CuGaO2 doped with Ni and Sn separately. Doping 
with Ni resulted in an increase in conductivity by a factor of two, while doping with Sn 
caused a decrease in conductivity by a factor of over 10-3 [22].  The same trends are not 
readily observed here, but the conductivity results clearly indicate that there is an 
interaction between the two dopant species since the conductivity does not change 
dramatically. It is possible that if the overall dopant concentration were raised to 2% or 
even 3% that a trend would become more evident. However, because of limitations on 
dopant solubility the amount of delafossite phase may be limited.   
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Figure 9: Room-temperature conductivity of codoped 
CuGaO2 pellets sintered 24 hr at 1100°C. 
4. Conclusions 
Polycrystalline pellets of codoped CuAlO2 and CuGaO2 were synthesized using 
solid-state synthesis. XRD showed that codoped CuAlO2 pellets consisted of less than 
5% impurity CuAl2O4, while codoped CuGaO2 pellets contained up to 11% impurity 
CuGa2O4. There was no significant change in CuAlO2 lattice parameter upon inclusion of 
the codopant species. Codoped CuGaO2 showed a general increase in a-axis lattice 
parameter and decrease in c-axis lattice parameter. Electrical analysis of codoped pellets 
showed a decrease in room-temperature conductivity with doping in CuAlO2, and while 
there was a slight increase in conductivity observed in codoped CuGaO2, it was not 
enough to suggest the dopant species were having an effect on electrical properties. The 
results of this investigation indicate that the application of codoping and cluster doping 
strategies do not substantially improve the electrical properties of CuAlO2 or CuGaO2. 
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Chapter 6: Synthesis and Electrical Properties of 
CuNi0.5Ti0.5O2 
A paper published in Materials Letters1 
Meagen A. Marquardt2 and David P. Cann3 
Abstract 
This paper presents structural and dielectric data on the delafossite compound 
CuNi0.5Ti0.5O2. Ceramics of CuNi0.5Ti0.5O2 were prepared via solid-state synthesis 
techniques in a controlled atmosphere of pO2 = 0.001 atm. The compound crystallized 
into the 3R delafossite phase with hexagonal lattice parameters of a = 3.0079 (±0.0004) Å 
and c = 17.2543 (±0.003) Å. The electrical properties of the material are characterized by a 
room temperature conductivity of 2x10-6 S/cm. The conductivity exhibits Arrhenius-like 
temperature dependence with an activation energy of 0.48 eV.  
Keywords: Delafossite, Electroceramics, Electrical Properties 
1. Introduction 
The delafossite structure, shown in Figure 1 and having the general formula 
ABO2, is a unique layered structure due to the wide range in electrical and optical 
properties which exist for various compositions. Depending on the A and B cations, 
delafossite materials can be insulating or conducting as well as exhibit transparency 
through the visible region of the electromagnetic spectrum. For this reason, delafossite 
materials are studied for application as both n- and p-type transparent semiconducting 
oxides. 
The delafossite structure is most simply visualized as consisting of two 
alternating layers. The A cation, typically Cu, Ag, Pt, or Pd, has a nominal charge of +1 
                                                      
1 Reprinted from Materials Letters, Vol 60, M.A. Marquardt and D.P. Cann, Synthesis 
and Electrical Properties of CuNi0.5Ti0.5O2, Pages 81-85, Copyright (2006), with 
permission from Elsevier. 
2 Primary researcher and author. Graduate student, Department of Materials Science and 
Engineering, Iowa State University, Ames, IA. Author for correspondence. 
3 Associate Professor of Materials Science, Department of Mechanical Engineering, 
Oregon State University, Corvallis, OR. 
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and forms a planar layer with a triangular pattern of cations each linearly coordinated to 
two oxygen anions. The B cations possess a nominal +3 charge and are arranged in 
distorted octahedral layers. Oxygen is in tetrahedral coordination with one A cation and 
three B cations. Depending on the stacking of the combined layers, two polytypes of the 
delafossite structure are formed. By stacking the layers with alternating A layers 
oriented 180° relative to each other, the hexagonal 2H type with space group symmetry 
P63/mmc is formed. If the layers are stacked with the A layers oriented the same direction 
relative to one another but offset from each other in a three layer sequence, the 
rhombehedral 3R type with space group symmetry   R3 m  is formed. Both polytypes are 
depicted in Figure 1. 
 
 
Figure 1:  The delafossite structure. (a) 3R polytype,   R3 m  space group 
symmetry; (b) 3R polytype viewed along (1 1 0) direction to observe 
stacking sequence; (c) highlighted A cations to visualize three-layer 
stacking in 3R polytype; (d) 2H polytype, P63/mmc space group 
symmetry; (e) 2H polytype viewed along (1 1 0) direction to observe 
stacking sequence; (f) highlighted A cations to visualize two-layer 
stacking in 2H polytype. 
 
Typical B cations are either p-block heavy metal cations such as Ga, In, and Al, or 
transition metal cations such as Fe, Co, and Y. When these cations have a nominal +3 
ionic charge, the d electron energy levels are filled, ensuring a degree of optical 
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transparency [1, 2]. In addition to a single trivalent cation, many delafossites have been 
fabricated using a charge-compensated pair of B cations with an overall nominal charge 
of +3. Such substitutions could include a 1:1 mixture of +2/+4 or +1/+5 cations or a 2:1 
mixture of +2/+5 cations. To date, the copper-based delafossites with mixed B-sites 
studied fall into three general categories: (1) a 2:1 mixture of a divalent cation with 
pentavalent antimony [1, 3, 4], (2) an even mixture of +2/+4 cations  [5, 6], and (3) a 
mixture of two +3 cations [1, 7-9]. 
Regarding category 1, the following divalent cations have been shown to form 
the delafossite structure with Sb: Mn, Co, Ni, Zn, and Mg [1, 4]. When CuNi2/3Sb1/3O2 
was doped with 10% Sn substituted for Sb, room temperature conductivity was found to 
be p-type and as high as 0.05 S/cm. Films of this compositions also had a transparency 
of 60% through the visible portion of the electromagnetic spectrum [4]. Three 
compositions consisting of an even mixture of +2/+4 B cations have been fabricated 
using solid-state synthesis with oxide precursors. Structural analysis of CuCo0.5Ti0.5O2, 
CuNi0.5Ti0.5O2, and CuNi0.5Sn0.502 showed all compositions formed disordered 3R 
delafossite phase, with only CuCo0.5Ti0.5O2 consisting of mixed 3R/2H delafossite phases 
[5]. A delafossite compound with composition CuNi1/3V2/3O2 was recently reported by El 
Ataoui et al. [10], which suggests that the substituted cations can exist in multiple 
oxidation states. In this compound, Ni was found to exist in its +2 oxidation state, while 
V existed in a mixed +3/+4 oxidation state in order to maintain the overall +3 charge for 
the B cation site. Finally, some degree of success has been found by mixing two +3 
cations that already produce delafossites. The motivation is to amplify the positive 
properties of each while hopefully minimizing the negative properties, creating 
somewhat of a compromise of properties [4]. To date, three compositions have been 
examined: CuGa1-xFexO2 and CuFe1-xVxO2, and   CuGa1-xInxO2. In the case of CuGa1-xFexO2, 
delafossite phase forms for all compositions, with the maximum conductivity of           
1.0 S/cm occurring at CuGa0.54Fe0.39O2 [4]. However, transparency is still sacrificed, with 
the film having maximum 70% transparency through the visible range. The mixed B 
delafossite composition CuFe1-xVxO2 was found to be stable over the composition range   
0  x  0.67 and to possess both cations in their nominal +3 oxidation state [8]. The 
stability of delafossite CuGa1-xInxO2 was found to exist in the composition range                
0  x  0.1 with the optimal In content to be x = 0.05 [9]. A sintered pellet of 
CuGa0.935In0.065O2 was found to possess a conductivity of 3.7  10-4 S/cm. 
The recent success in forming mixed B cation delafossites has greatly increased 
the number of available delafossite compounds. In addition, this sort of cation 
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substitution facilitates more precise controlling of the a-axis lattice parameter, which in 
turn affects the ionization energy of the oxygen interstitial defect. In this paper, the 
mixed B cation substitution of a stoichiometric mixture of Ni2+ and Ti4+ is investigated, 
with emphasis placed on the bulk structural and electrical properties of this 
composition. 
2. Experimental Procedure 
Powder samples of the composition CuNi0.5Ti0.5O2 were synthesized from 
stoichiometric mixtures of Cu2O (Aldrich Chemical, 99.99+%), NiO (Alfa Aesar, 99% and 
Aldrich Chemical, 99.999%), and TiO2 (Fisher Chemical, 99.99+%) powders. A two-step 
synthesis technique was employed whereby NiTiO3 was pre-reacted first at 1100°C, 
followed by a reaction with Cu2O via the following reaction: 
 
  NiTiO3 +Cu2O 2CuNi0.5Ti0.5O2  Equation 1 
 
Appropriate amounts the powders were weighed and vibratory milled for 6 
hours with high-purity ZrO2 media in an ethanol slurry. Powders were dried prior to 
calcination in a controlled pO2 = 10-3 atm at 1100°C for 24 hours followed by rapid 
quench to room temperature.   
Calcined delafossite powders were then mixed with approximately 5 wt% poly 
(vinyl alcohol) binder and pressed into 12.54 mm diameter pellets using a cold uniaxial 
press. Pellets were sintered for 24 hours at 1100°C in an ambient atmosphere of                  
pO2 = 10-3 atm followed by rapid quench. A preliminary binder burnout for 3 hours at 
500°C was required for the pellets. 
The phase purity and structural analysis of the sintered pellets was conducted 
using powder XRD. The pellet density was determined using the Archimedes method. 
A silver-based conductive paste (Heraeus) was painted and fired onto each flat 
pellet surface. Room-temperature resistance of each sample was measured by 
impedance spectroscopy using an HP 4194A Impedance Analyzer. Conductivity as a 
function of temperature was determined by using a Delta 9023 environmental chamber 
with liquid nitrogen-assisted cooling.  
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3. Results and Discussion 
The XRD data for a sintered pellet (>90% dense) of CuNi0.5Ti0.5O2, shown in 
Figure 2, indicated the formation of the delafossite phase. This pattern best matches with 
the 3R delafossite polytype. Using the known Miller indices for both CuAlO2 and 
CuGaO2 delafossites, indices were assigned to all but four peaks in the XRD pattern. The 
four non-delafossite peaks represent an impurity phase, identified as NiTiO3. 
Comparing the intensities of the 100% peaks of each phase showed amount of impurity 
to be less than 5%. With the peaks properly indexed, lattice parameter was determined 
using UnitCell, a linear least squares refinement program. The hexagonal unit cell was 
found to have the following dimensions: a = 3.0079 (±0.0004) Å and c = 17.2543 (±0.003) 
Å. These values are in good agreement with those reported by Doumerc et al. [5, 11]. 
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Figure 2: X-ray diffraction pattern of CuNi0.5Ti0.5O2.  Delafossite peaks are 
indexed; NiTiO3 impurity indicated by (*). 
 
Batches were prepared with variations in the Ni:Ti stochiometry as well as excess 
Cu2O, however in all cases parasitic phases were present in small amounts. In addition, 
the lattice parameters of the delafossite phse in the CuNi0.5+xTi0.5-xO2 batch compositions 
was constant, suggesting that the CuNi0.5Ti0.5O2 phase does not tolerate any significant 
degree of nonstoichiometry. 
Figure 3 shows a Nyquist plot of the impedance spectroscopy results for a 
CuNi0.5Ti0.5O2 pellet with a thickness of 1.0 mm and a diameter of 11.6 mm. As can be 
seen in this figure, there is no voltage dependence to the impedance. Using modeling 
software, an equivalent circuit representing the contributions to the sample’s impedance 
can be constructed. The equivalent circuit was found to contain two resistor-capacitor 
impedance elements as shown in Figure 4. Each impedance element typically represents 
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the effects of interfaces, grain boundaries, and grains. The calculated values determined 
for each impedance element are given in Table 1. 
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Figure 3: Nyquist plot of the impedance spectroscopy results for a 
CuNi0.5Ti0.5O2 pellet with a thickness of 1.0 mm and a diameter of 11.6 
mm.  The raw data is depicted as the black dotted line.  The heavy solid 
line is the fit acquired using an equivalent circuit with two resistor-
capacitor elements.  
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Figure 4: Equivalent circuit representing the various contributions to the 
impedance spectroscopy results for CuNi0.5Ti0.5O2. 
 
The temperature dependence of conductivity for a CuNi0.5Ti0.5O2 pellet is 
depicted in Figure 5. This plot shows that conductivity is thermally activated through 
room temperature with an activation energy EA = 0.48 eV. This value is almost two 
orders of magnitude higher than those found for CuGaO2 (0.1 - 0.22 eV) [4, 12-14] and 
CuAlO2 (0.14 - 0.22 eV) [13-18]. The instability seen near T-1 = 0.003 is an artifact due to a 
change in range in the voltmeter. Room temperature conductivity was found to be           
2  10-6 S/cm, which is typical of bulk delafossites fabricated using transition metal 
cations [19, 20]. The conductivity saturates at approximately 1  10-6 S/cm, giving an 
indication of the impurity level present in the sample. Assuming the carrier mobility is 
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comparable to that of CuGaO2, i.e. on the order of 0.015 cm2/V-s [21], the number of 
charge carriers present is approximately 4  1014 cm-3. Using the molar volume of 
CuNi0.5Ti0.5O2, the impurity density is found to be ~20 ppb. This shows that the 
impurities have a negligible effect on the conductivity. 
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Figure 5: Conductivity as a function of temperature for CuNi0.5Ti0.5O2. 
4. Conclusions 
Polycrystalline pellets of CuNi0.5Ti0.5O2 were synthesized using solid-state 
synthesis.  XRD showed the compound to be the 3R polytype of the delafossite structure, 
having hexagonal lattice parameters of a = 3.0079 (±0.0004) Å and c = 17.2543 (±0.003) Å. 
Electrical analysis of bulk samples showed semiconducting behavior with a room-
temperature conductivity of 2  10-6 S/cm. The conductivity was thermally activated 
with activation energy of 0.48 eV. 
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Tables 
Table 1: Calculated value of each element in the equivalent circuit representing 
CuNi0.5Ti0.5O2. 
Element Value Error % 
R1 1.50  105 4.85 
C1 3.06  10-11 1.05 
R2 1.29  107 0.41 
C2 2.98  10-11 0.90 
R3 2.41  106 2.28 
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Chapter 7: Stability Criteria for Complex Delafossite 
Compounds 
A paper prepared for submission to Journal of Materials Science 
Meagen A. Gillispie1 and David P. Cann2 
Abstract 
This paper presents the findings of an extensive study of multiple proposed 
mixed B cation delafossite compositions. The compositions studied fall into two general 
categories: (1) a 2:1 mixture of 2+/5+ cations, and (2) a 1:1 mixture of 2+/4+ or 1+/5+ 
cations. More complete structural and electrical property data is presented for 
previously identified compositions CuNi2/3Sb1/3O2 and CuNi0.5Sn0.5O2. CuNi2/3Sb1/3O2 
crystallized into 94% pure 2H delafossite phase with a = 3.06 Å, c = 11.52 Å,                      
 = 6.22 g/cm3, and  = 2.6  10-3 S/cm. CuNi0.5Sn0.5O2 crystallized into 80% pure 3R 
delafossite phase with a = 3.13 Å, c = 17.48 Å,     = 6.20 g/cm3, and  = 5.44  10-3 S/cm. 
No new mixed B cation delafossites were synthesized, yet much insight was gained on 
factors affecting the stability of the delafossite phase. It was found that high 
electronegativity on the B cation site favors the formation of the delafossite phase. 
1. Introduction 
Incorporation of a charge-compensated cation pair in the B3+ site of A1+B3+O2 
delafossites presents the potential for engineering materials for specific applications. The 
delafossite structure, shown in Figure 1, is unique in that the layered structure allows for 
a wide variation in electrical and optical properties depending on the composition. 
Many Cu-based delafossite materials with a single 3+ cation are weakly p-type 
transparent conducting oxides (TCOs), an important component for the fabrication of 
transparent pn junctions. Enhancement of the intrinsic p-type conductivity through 
substitutional doping has thus far been relatively unsuccessful [1-15]. The substitution of 
a charge-compensated cation pair into the B3+ site enables one to control the ionization 
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energy of the intrinsic oxygen interstitial defect by changing the a-axis lattice parameter 
[16]. Additionally, the electronic properties may be enhanced through the use of a wider 
variety of B cations.   
In the delafossite structure, planar layers of A cations (typically 1+ ions of Pd, Pt, 
Cu, or Ag) are arranged in a triangular pattern and linearly coordinated to two oxygen 
ions which form the apices of BO6 octahedra that are flattened with respect to the c-axis 
(see Figure 1). Two structural polytypes with different layer stacking sequences exist, 
each having unique crystal symmetry. The hexagonal 2H polytype has P63/mmc space 
group symmetry and consists of a stacking scheme in which alternating A cation layers 
are oriented 180° relative to one another. The rhombohedral 3R polytype, with space 
group symmetry   R3 m , consists of A cation layers oriented the same direction but offset 
from one another in a three-layer sequence.  
Three distinct possibilities exist for mixed B cation sites in copper-based 
delafossites: (1) a 2:1 mixture of a 2+/5+ cations [13, 17], (2) an even mixture of 2+/4+ 
cations [16, 18-20] or 1+/5+ cations, and (3) a mixture of two 3+ cations [10, 21, 22]. Most 
of the published data on mixed B cation delafossites consists of structural data. The 
results reported here are an investigation of a wide variety of already reported or 
completely new proposed mixed B cation delafossites falling into categories 1 and 2. 
Compositions included in this study are listed in Table 1. Note that the structure and 
electrical properties of 2+/4+ cation substituted CuNi0.5Ti0.5O2 are extensively reported 
elsewhere [16, 18, 19] and therefore will not be included here. 
2. Experimental Procedure 
Powder samples of each of the mixed B cation compositions listed in Table 1 
were synthesized from appropriate stoichiometric mixtures of Cu2O (Aldrich, 99.99%), 
NiO (Alfa Aesar, 99%, and Aldrich, 99.999%), Nb2O5 (Aldrich, 99.9%), Sb2O3 (Aldrich, 
99+%), Li2CO3 (Aldrich, 99+%), SnO2 (Alfa Aesar, 99.9%), Ta2O5 (Aldrich, 99%), MgO 
(Alfa Aesar, 99,95%), ZnO (Alfa Aesar, 99.9%), ZrO2 (Aldrich, 99.9%), HfO2 (Aldrich, 
99.9%) or TiO2 (Fisher Chemical, 99.99+%) powders. Selected powders were weighed 
and vibratory milled for 6 hours with ZrO2 grinding media in an ethanol slurry. 
Powders were dried for 12 hours at 60ºC prior to placement in alumina crucibles and 
firing for 12-48 hrs at various temperatures and in either air or pO2 = 10-3 atm. 
Quenching was utilized for all compositions since the delafossite phase is known to only 
exist at high temperatures for many compositions [23-25].  
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In many cases, multiple firing sequences were performed. Between each firing 
sequence, powders were vibratory milled for 6 hours and structural properties were 
observed using x-ray diffraction (XRD, Siemens D500). Once delafossite phase powders 
were attained, 0.5-inch pellets were formed by mixing the powders with approximately        
5 wt% poly (vinyl alcohol) binder and cold uniaxially pressing with a nominal force of          
2 metric tons for 3 minutes. Pellets were sintered for 12-48 hours at the same 
temperatures that yielded the delafossite phase. A preliminary binder burnout for            
6 hours at 500ºC was required for the pellets. Completed pellets were saved for further 
structural analysis using XRD, as well as electrical property measurements using a Fluke 
8840A multimeter. 
3. Results and Discussion 
CuNi2/3Sb1/3O2 and CuMg2/3Sb1/3O2 were included in a series of CuM2/3Sb1/3O2 
compounds identified by Nagarajan et al. [17] to stabilize in the 2H delafossite structure, 
however no detailed structural or electrical information was provided for either 
composition. Single-phase CuMg2/3Sb1/3O2 pellets were not attained in this investigation. 
However, high-purity (~94% delafossite) CuNi2/3Sb1/3O2 pellets were achieved through 
sintering in air at 1200°C for 168 hr. The only detectable impurity phase for this 
composition is NiO. The XRD pattern for a sintered pellet is given in Figure 2. The single 
NiO impurity peak is identified by an asterisk (*) in the figure.  
A Cu-Ni-Sb oxide phase with 3Cu2O  4NiO  Sb2O5 stoichiometry (equivalent to 
CuNi2/3Sb1/3O2) has been identified in copper anodes and termed “kupferglimmer” by 
the copper refining industry [26, 27]. Mineralogical characterization of kupferglimmer is 
limited to single crystals, indicating space group symmetry of R3m,   R3 m , R3c, or   R3 c  
with a = 5.23 Å and c = 34.2 Å [27]. However, Nagarajan et al. identified CuNi2/3Sb1/3O2 
as the 2H polytype delafossite, possessing space group symmetry of P63/mmc with          
a = 3.04 Å and c = 11.464 Å.  
Despite the limited and conflicting data existing for this kupferglimmer/ 
delafossite phase, a complete listing of the diffraction peaks between 15-90° 2 were 
published by Chen and Dutrizac [26]. With the knowledge of which diffraction peaks in 
Figure 2 belonged to the delafossite phase, the process of indexing the peaks could be 
completed. All peaks could be correctly assigned hkl indices only if the 2H delafossite 
structure was assumed, proof that kupferglimmer is in fact a delafossite phase. Using 
the known allowed reflections for space group P63/mmc, proper hkl indices were 
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assigned to all delafossite peaks, also shown in Figure 2. With this information, the 
structural properties of CuNi2/3Sb1/3O2 can be defined, as seen in Table 2. Also given in 
Table 2 is the room temperature conductivity measured for the pellets. 
The lattice parameter values found for the CuNi2/3Sb1/3O2 pellet are slightly 
larger those reported by Nagarajan et al., a = 3.04 Å and c = 11.464 Å [17], although they 
still agree quite well. The calculated theoretical density (6.22 g/cm3) agrees quite well 
with values reported previously for kupferglimmer (6.1-6.2 g/cm3) [26, 27], further proof 
that kupferglimmer is a delafossite phase. No conductivity values are given for undoped 
CuNi2/3Sb1/3O2, although thin films with 10% Sn doped for Sb were reported to possess       
p-type semiconducting behavior with a room temperature conductivity of 0.05 S/cm [13, 
17]. The inclusion of Sn4+ should enhance the hole concentration and increase 
conductivity to levels above that reported here for undoped CuNi2/3Sb1/3O2.  
No delafossite phase formed for the remaining proposed 2+/5+ mixed B cation 
delafossites CuNi2/3Nb1/3O2, CuNi2/3Ta1/3O2, CuMg2/3Nb1/3O2, CuMg2/3Ta1/3O2, and 
CuZn2/3Ta1/3O2 calcined in air. In many cases, the two B cations reacted to form a ternary 
oxide that did not react with Cu2O. The presence of CuO was often observed, indicating 
pO2 was not sufficiently low to facilitate the formation of the delafossite phase, if it 
exists. 
Mixed B cation delafossites composed of an even mixture of 1+/5+ cations have 
not been reported in literature. Li1+ was selected because its ionic radius (r = 0.90 Å) is 
the closest to all candidate 5+ cations (Sb5+ = 0.74 Å, Nb5+ = 0.78 Å, and Ta5+ = 0.78 Å) 
[28]. The proposed mixed B cation delafossite CuLi0.5Sb0.5O2 was not attempted since the 
ionic radius difference between the two B cations was the largest. The delafossite phase 
was not identified in either CuLi0.5Nb0.5O2 or CuLi0.5Ta0.5O2. Attempts to synthesize 
CuLi0.5Nb0.5O2 in air at 800°C and 1000°C resulted in the formation of LiNbO3 and the 
oxidation of Cu1+ to form CuO. Switching to a reducing atmosphere of pO2 = 10-3 atm 
resulted in the stabilization of Cu1+, yet no reaction occurred between LiNbO3 and Cu2O 
after a dwell time of 48 hr at 1000°C. Similar results were found for CuLi0.5Ta0.5O2, 
although Cu2O remained stable when powder was fired in air. Powders fired in air at 
1100°C for 36 hr were composed of LiTaO3 and Cu2O. 
Cu-based mixed B cation delafossites composed of an even mixture of 2+/4+ 
cations were the first charge-compensated complex delafossites reported in the literature 
[19, 20]. Working from the published results of CuNi0.5Ti0.5O2 [16, 19] and CuNi0.5Sn0.5O2 
[19], compositions containing either Ni2+, Ti4+, or Sn4+ were selected for consideration. 
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No success was found in synthesis of proposed 2+/4+ mixed B cation 
delafossites CuNi0.5Zr0.5O2, CuZn0.5Zr0.5O2, CuZn0.5Hf0.5O2, CuZn0.5Sn0.5O2, CuZn0.5Ti0.5O2, 
and CuMg0.5Ti0.5O2. XRD analysis of powders containing Zr4+ and fired in air at 1100°C 
for 12-24 hr showed that the B cation oxides reacted to form a ternary oxide, yet no 
reaction with Cu2O occurred. No reaction between component oxides occurred for 
CuZn0.5Hf0.5O2. Synthesis was attempted in both air and pO2 = 10-3 atm for 
CuZn0.5Hf0.5O2, with no reaction occurring after 12 hrs at 1100°C. 
Synthesis of proposed mixed B cation delafossites containing Ti4+ had varied 
success. High-purity CuNi0.5Ti0.5O2 can be formed via a two-step reaction process 
whereby NiO and TiO2 are reacted first in air followed by reaction with Cu2O in           
pO2 = 10-3 atm [16]. MgO and TiO2 also react well in air to form MgTiO3. However, the 
reaction with Cu2O is more difficult. While some delafossite phase can be attained when 
firing CuNi0.5Ti0.5O2 in air, no reaction between MgTiO3 and Cu2O occurred after firing 
24 hr at 1100°C in air. In the case of CuZn0.5Ti0.5O2, ZnO and TiO2 do not react easily in 
air to form ZnTiO3. Other ternary oxides form, which serves to completely inhibit the 
reaction with Cu2O in air. Synthesis of CuMg0.5Ti0.5O2 and CuZn0.5Ti0.5O2 was not 
attempted at lower pO2. Perhaps synthesis in a more reducing environment will 
facilitate the formation of a delafossite phase, as was the case with CuNi0.5Ti0.5O2. 
The existence of mixed B cation delafossite CuNi0.5Sn0.5O2 has been reported in 
literature [19], however, like the 2+/5+ oxides containing Sb, only basic structural 
information was provided. Pellets composed of approximately 80% delafossite were 
sintered in air at 1100°C for 24-36 hr. The XRD pattern for a typical pellet is given in 
Figure 3. Detected impurity phases were SnO2 and NiO as indicated in the figure. No 
excess Cu2O was detected, but NiO tolerates an addition of up to 20 mol% Cu, so it is 
likely the Cu2O left over from the delafossite reaction is incorporated in the NiO.   
Higher-purity CuNi0.5Sn0.5O2 pellets could not be fabricated in air. However, the 
pellets contained enough of the delafossite phase to warrant further study. It was 
suggested by Doumerc et al. that CuNi0.5Sn0.5O2 formed the 3R polytype of delafossite 
[19]. This fact was affirmed during indexing of the XRD patterns attained in this study. 
All peaks could be properly assigned hkl indices if the 3R polytype is assumed. The hkl 
indices for the delafossite phase in CuNi0.5Sn0.5O2 are shown in Figure 3.  With this 
information, the lattice parameters were found to be a = 3.13 Å and c = 17.48 Å, which 
agree quite well with published data on CuNi0.5Sn0.5O2 (a = 3.117 Å and c = 17.329 Å 
[19]). Theoretical density of CuNi0.5Sn0.5O2 was calculated to be theory = 6.20 g/cm3, also 
in good agreement with published data ( = 6.29 g/cm3 [19]).  
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Room temperature conductivity was 5.44  10-3 S/cm for the highest-purity 
CuNi0.5Sn0.5O2 pellet (80% delafossite, 1100°C for 36 hr). This value is significantly higher 
than that obtained for CuNi0.5Ti0.5O2 ( = 1  10-6 S/cm [16]), suggesting that 
CuNi0.5Sn0.5O2 may be a more interesting mixed B cation delafossite than CuNi0.5Ti0.5O2. 
However, high-purity delafossite phase must be stabilized. It is possible that synthesis in 
lower pO2 could further stabilize the delafossite phase.  
4. Mixed B Cation Delafossite Stability 
Combining the results attained in this study with all published data about mixed 
B cation delafossites, a structure field map for complex delafossites can be constructed as 
shown in Figure 4. On the map, the radii of lower-valence cations are plotted on the      
x-axis and the radii of higher-valence cations are plotted on the y-axis. In addition to all 
the successful and unsuccessful mixed B cation delafossites discussed in this paper, all 
published mixed B cation delafossites are included in the structure field map, including 
trivalent mixture compositions. 
Considering the wide range in B cation radius stabile for single cation 
delafossites [29], it seemed there should be some freedom in selection of the charge-
compensating pair of cations for a mixed B cation delafossite. Based on the results 
attained in this investigation, this is certainly not true. The main categories of existing 
mixed B cation delafossites are identified as separate regions on the structure field map 
in Figure 4. Two additional regions are also identified: the region where the radius of the 
lower oxidation state cation, r(B1), is greater than the radius of the higher oxidation state 
cation, r(B2), and the region where     r(B1) < r(B2). Even though all existing copper-based 
charge-compensated mixed B cation delafossites fall into the region where r(B1)  r(B2), 
there are no observable trends. All existing 2+/4+ delafossites fit into an easily-defined 
region, yet there is a failed composition located in the same region (CuMg0.5Ti0.5O2). The 
region also extends far into the r(B1) > r(B2) area of the plot. No delafossite was observed 
in Zn2+- and Mg2+-containing compositions possessing B cations with ionic radii closer to 
each other than CuNi0.5Ti0.5O2 and CuCu0.5Ti0.5O2. All of the reported 2+/5+ delafossites 
exist for B cation combinations with widely-differing ionic radii. These results indicate 
that ionic radius considerations are not the only factors affecting the stability of the 
delafossite phase.  
The results attained in this investigation indicate that some cations apparently 
possess certain properties that can inhibit the formation of the delafossite phase. The 
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existence of a delafossite phase for all Nb- and Ta-containing 2+/5+ compositions 
attempted seemed likely considering the delafossite phase exists for other Ni-, Mg-, and 
Zn-containing compounds such as CuNi0.5Ti0.5O2 [16, 19] and CuNi2/3Sb1/3O2, 
CuMg2/3Sb1/3O2, and CuZn2/3Sb1/3O2 [13, 17]. However, it is clear that the presence of a 
particular 2+ cation alone does not preclude the formation of a mixed B cation 
delafossite for any charge-compensating 5+ cation. The failure to attain the delafossite 
phase in 1+/5+ compositions containing Nb5+ and Ta5+ proves that something about 
Nb5+ and Ta5+ prevent the delafossite phase from stabilizing. 
Even so, when considering all mixed B cation delafossite compositions tried, it is 
difficult to identify one definitive property or condition that favors the formation of the 
delafossite phase. For every potential trend observed for stabilization of the delafossite 
phase, a compound that defies the logic can be identified. For example, it is suggested 
that cations with a d10s0 electronic configuration stabilize the delafossite structure [17, 
30]. This could explain why mixed B cation compositions containing Nb5+ and Ta5+, 
which lose all their d electrons when in the 5+ oxidation state, do not form the 
delafossite structure. Yet, CuNi0.5Ti0.5O2 forms the delafossite structure and neither Ni2+ 
nor Ti4+ possess this proposed ideal electronic configuration. 
It has also been suggested that a small electronegativity difference between B 
cations may favor the formation of the delafossite phase in complex compositions [31]. 
While this does support formation of the delafossite phase in CuNi0.5Sn0.5O2, 
CuCo2/3Sb1/3O2, and CuNi2/3Sb1/3O2 and indicate why CuLi0.5Nb0.5O2 and CuLi0.5Ta0.5O2 
don’t form delafossites, there are some existing mixed B cation delafossites that possess 
higher electronegativity difference than some failed compositions. The electronegativity 
of the higher oxidation state B cation is plotted against the electronegativity of the lower 
oxidation state B cation in Figure 5. The diagonal line represents equal electronegativity. 
If the ‘small electronegativity difference’ rule were true, all existing delafossite 
compositions would be clustered around the diagonal line. Clearly this is not the case. 
Figure 5 does indicate that high electronegativity of at least one B cation may be a 
requirement for delafossite phase formation. High electronegativity on the B cation site 
means the B-O bond has a strong covalent character. All existing mixed B cation 
delafossites are composed of cations with Pauling electronegativity higher than 1.8. In 
general, most of the single B cation delafossites also posses high electronegativity. Most 
of the exceptions to the trend are rare earth B cation delafossites.  
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5. Conclusions 
More complete structural and electrical property data was collected for 
previously-identified mixed B cation delafossites CuNi2/3Sb1/3O2 and CuNi0.5Sn0.5O2. Both 
compositions possess better room-temperature conductivity than CuNi0.5Ti0.5O2. 
Synthesis of several potentially new mixed B cation delafossite compositions was 
attempted with little success. Despite the failure to identify new delafossite 
compositions, much insight was gained on factors affecting phase stability.  
It is apparent that many competing factors exist that affect whether or not the 
delafossite phase is stable for a given mixed B cation composition. Matching ionic radii 
of B cation pairs is not an effective method for selecting potential mixed B cation 
delafossites. Analysis of the electrical properties of the cations, such as electronic 
configuration and electronegativity, can better predict the existence of the delafossite 
phase. In general, high electronegativity on the B cation site favors the formation of the 
delafossite phase. In mixed B cation delafossites, either one or both of the B cations can 
fulfill this requirement. 
Tables 
 
Table 1: Mixed B cation compositions included in this study. 
  CuB2/3
2+ B1/3
5+ O2    CuB0.5
1+B0.5
5+O2    CuB0.5
2+B0.5
4+O2  
CuNi2/3Sb1/3O2 CuLi0.5Nb0.5O2 CuNi0.5Sn0.5O2 
CuNi2/3Nb1/3O2 CuLi0.5Ta0.5O2 CuNi0.5Zr0.5O2 
CuNi2/3Ta1/3O2  CuMg0.5Ti0.5O2 
CuMg2/3Sb1/3O2  CuZn0.5Ti0.5O2 
CuMg2/3Nb1/3O2  CuZn0.5Sn0.5O2 
CuMg2/3Ta1/3O2  CuZn0.5Zr0.5O2 
CuZn2/3Ta1/3O2  CuZn0.5Hf0.5O2 
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Table 2: Structural parameters and room temperature conductivity of 
CuNi2/3Sb1/3O2 delafossite. 
Property Value 
a-axis lattice parameter  3.06 Å 
c-axis lattice parameter 11.52 Å 
unit cell volume 93.61 Å3 
theoretical density 6.22 g/cm3 
room temperature conductivity 2.6  10-3 S/cm 
Figure Captions 
Figure 1: ABO2 delafossite crystal structure.  (a) 2H polytype; (b) 3R polytype. 
 
Figure 2: XRD pattern for CuNi2/3Sb1/3O2 pellet sintered in air at 1200°C for 168 hr. The 
indices of the 2H delafossite phase are given. NiO impurity phase peak marked with (*). 
 
Figure 3: XRD pattern for CuNi0.5Sn0.5O2 pellet sintered in air at 1100°C for 24 hr. The 
indices of the 3R delafossite phase are given. SnO2 impurity phase peaks are marked 
with (*) and NiO impurity phase peaks are marked with (+). 
 
Figure 4: Structure field map of complex delafossites. In general, lower oxidation state 
cations are plotted along the x-axis and higher oxidation state cations are plotted along 
the y-axis. 
 
Figure 5: B2 cation electronegativity versus B1 cation electronegativity for various 
CuB1B2O2 delafossite compositions. 
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Figure 1: ABO2 delafossite crystal structure.  (a) 2H polytype; (b) 3R polytype. 
 
 
 
 
 
Figure 2: XRD pattern for CuNi2/3Sb1/3O2 pellet sintered in air at 1200°C for 168 hr. The 
indices of the 2H delafossite phase are given. NiO impurity phase peak marked with (*). 
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Figure 3: XRD pattern for CuNi0.5Sn0.5O2 pellet sintered in air at 1100°C for 24 hr. The 
indices of the 3R delafossite phase are given. SnO2 impurity phase peaks are marked 
with (*) and NiO impurity phase peaks are marked with (+). 
 
 
 
Figure 4: Structure field map of complex delafossites. In general, lower oxidation state 
cations are plotted along the x-axis and higher oxidation state cations are plotted along 
the y-axis. 
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Figure 5: B2 cation electronegativity versus B1 cation electronegativity for various 
CuB1B2O2 delafossite compositions. 
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Chapter 8: General Conclusions 
8.1 Doped Anatase TiO2 
8.1.1 General Discussion 
The primary objective for the investigation of doped anatase TiO2 was to gain a 
better understanding of which factors influence high conductivity in thin films. A 
secondary objective was to optimize deposition conditions using low-cost RF magnetron 
sputtering. All published data in this area was for pulse laser deposited (PLD) films on 
single crystal SrTiO3 (STO) substrates. Anatase films doped with 3-6 mol% Nb or Ta 
were shown to have a conductivity, , on the order of 2-4  103 S/cm and Hall mobility, 
µH, on the order of 15-22 cm2 V-1 s-1 [1-3]. The films were highly crystalline on the lattice-
matched substrates, showing an orientation along the (004) direction. In this work, 
highly doped (15 mol% Nb or 20 mol% Ta) films were sputter deposited on STO and 
glass substrates using varying substrate temperatures.  
Optimal electrical properties were attained at a deposition temperature of 
~375°C for Nb-doped TiO2 films and ~400°C for Ta-doped TiO2 films sputtered on STO. 
The best Nb-doped film had  = 3000 S/cm, µH = 7.6 cm2 V-1 s-1, and carrier 
concentration, ne = 2.4  1021 cm-3, while the best Ta-doped film had  = 300 S/cm,         
µH = 0.4 cm2 V-1 s-1, and ne = 5  1021 cm-3. These results are in good agreement with 
published values for PLD films of similar doping concentrations [1-3]. Hitosugi et al. 
found that while carrier concentration remained high at increased Ta doping levels        
(> 10 mol%), mobility was monotonically suppressed as doping level increased [3]. This 
same effect was not directly observed in Nb-doped TiO2 films, though the mobility in 
the heavily doped sputtered films was less than half that of PLD films with much lower 
doping levels. 
Like the films deposited on STO, optimal conductivity for Nb-doped TiO2 films 
sputtered on glass was attained at a deposition temperature of ~375°C. However, these 
films had  = 56 S/cm, most likely due to the significantly lower mobility                         
(µH < 1 cm2 V-1 s-1). This conductivity is an improvement over undoped TiO2 films 
sputtered on glass using the same conditions, which was on the order of 10-2 S/cm. 
Carrier concentration was high (~1021 cm-3) and consistent with values for PLD and 
sputtered films on STO. In contrast to Nb-doped TiO2 films, no conductivity 
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improvement over undoped TiO2 was observed for Ta-doped TiO2 films sputtered on 
glass. 
X-ray diffraction (XRD) analysis of Nb- and Ta-doped anatase TiO2 films 
sputtered on STO showed the same (004) orientation as was observed for PLD films on 
STO. A pole figure taken at 2 = 37±1° confirmed the (004) orientation and biaxial 
texture of the anatase films. In both the Nb- and Ta-doped TiO2 films, the location of the 
(004) anatase peak was strongly shifted to lower diffraction angles, indicative of an 
expansion of the unit cell. The evolution of a high quality crystalline film was observed 
in Nb-doped TiO2 through the temperature series of depositions, with maximum peak 
intensity and minimum full-width at half maximum (FWHM) observed at 375°C, the 
same temperature that optimal electrical properties were measured.  
For all depositions on glass at substrate temperatures lower than 400°C and 
above room temperature, Nb-doped TiO2 crystallized into randomly-oriented anatase 
TiO2. This different crystalline orientation helps to explain why conductivity of films 
deposited on glass was so low. The random orientation in anatase suppresses mobility 
dramatically (< 1 cm2 V-1 s-1) compared to biaxially textured anatase deposited on STO 
(µH ~8 cm2 V-1 s-1).  
Typically, pure TiO2 has been known to transform from anatase to rutile at 
temperatures ranging from 400-1000°C, depending on grain size, impurities, and 
processing conditions. Multiple depositions on glass at temperatures near 400°C showed 
the presence of some rutile in Nb-doped TiO2 films while undoped TiO2 films were fully 
anatase. It is clear from these results that both the low oxygen partial pressure (pO2) and 
the addition of 15 mol% Nb causes the anatase-to-rutile phase transition to occur at 
lower temperatures. Doping with 20 mol% Ta had the added effect of inhibiting 
crystallization for deposition temperatures as high as 390°C. By raising the deposition 
temperature just 15°C, Ta-doped TiO2 films crystallized as rutile TiO2. 
The presence of rutile in doped TiO2 films sputtered on glass caused conductivity 
to decrease significantly. These results suggest that the anatase phase is responsible for 
high conductivity. This may indicate that low conductivity is directly a function of 
percolative conduction through anatase grains. As the rutile volume fraction grows, the 
percolative pathways are disrupted. While this may be the predominate effect in all 
films sputtered on glass, it may also be that the high angle grain boundaries in 
randomly-oriented anatase films are far more resistive than the predominately low angle 
boundaries in the biaxially textured films grown on single crystal STO. 
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Nb-doped TiO2 films sputtered on STO were typically greater than 80% 
transparent through the visible portion of the electromagnetic spectrum (400-700 nm). 
Observed transparency was only slightly less than what was observed for PLD films of 
the same composition on STO [1, 2]. Optical transparency of Nb-doped TiO2 films 
sputtered on glass was lower than films sputtered on STO, about 65-70% transparent. 
The increased carrier concentration measured in the films deposited at higher 
temperatures was evident through the observation of a broad decrease in transmission 
at higher wavelengths accompanied by an increase in reflection over the same 
wavelength range. This behavior is expected for plasma oscillations of free conduction 
band electrons (Drude model) rather than for a d-d absorption, which could cause 
coloration due to partially filled d-bands. The plasma wavelength, p, was estimated to 
be 1700 nm for the Nb-doped TiO2 film deposited on STO at 376°C, which is consistent 
with the transmission and reflection results. 
The results attained in this investigation prove that substitutionally doped 
anatase TiO2 thin films are viable for use as transparent conductors. Even with high 
doping levels (15 mol% Nb and 20 mol% Ta), films were sputter deposited on STO 
substrates with properties comparable to films deposited using PLD. This is a significant 
finding since the use of low-cost, large area sputtering techniques is preferable to more 
expensive methods such as PLD for direct commercial application. Optimal properties 
were attained at lower substrate temperatures, a feature that is appealing for the flexible 
displays market. 
By utilizing two different substrate materials, a direct correlation between 
crystallinity and electrical properties was observed. Crystalline anatase TiO2 is essential 
for achieving high conductivity in thin films. Biaxial texturing in the film helps to reduce 
grain boundary resistance, thereby increasing carrier mobility and further enhancing 
conductivity. 
8.1.2 Recommendations for Further Study 
In this work, it has been demonstrated for the first time that sputter deposition 
can be used to fabricate conductive doped anatase TiO2 films on both glass and STO. 
Further study should focus on films with lower dopant concentration deposited with 
more optimized sputter geometry. Previously published results for Nb- and Ta-doped 
TiO2 films showed that the optimal electrical and optical properties were attained at 
much lower dopant concentrations than those used here [1-3]. Given that the films 
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sputtered on STO for this study had similar performance characteristics as PLD films, it 
is definitely likely that better properties will be attained on both glass and STO at lower 
dopant concentrations. Combinatorial synthesis [4-7] may be a useful technique for 
quickly determining the optimal dopant concentration for these films. 
Doped anatase TiO2 films sputtered on glass did not perform as well as films 
deposited on STO, likely due to the difference in crystallinity observed in the two films. 
The results presented here suggest that a biaxially textured structure is necessary for 
achieving high conductivity. Further study of doped anatase TiO2 should focus on 
attaining biaxially textured films on glass. It is possible that enhanced electrical and 
optical properties can be attained for films on glass through the use of a template layer 
that can stabilize a biaxially textured anatase structure. This may also be accomplished 
through the use of an ion beam assisted deposition (IBAD) system. 
8.2 Delafossite Ceramics 
8.2.1 General Discussion 
The two primary objectives of the study of delafossite ceramics were: (1) apply 
the codoping theory to attain bipolar delafossites, and (2) investigate mixed B cation 
delafossites. Through the course of the investigation, insight was gained in both areas. 
The conduction mechanism in undoped CuAlO2 and CuGaO2 is thought to be 
due to intrinsic defects in the structure [8-10]. Experimental results have identified a 
defect associate present in CuAlO2 (  (AlCu
•• 2   O i   ) ) [9] but not in CuGaO2 [8]. Both 
compositions exhibit weak intrinsic p-type conductivity, which is not dramatically 
improved by further   p-type doping [11, 12]. Doping with n-type cations has had even 
less success, with conductivity decreasing substantially upon the inclusion of an n-type 
dopant species [11]. This apparent lack of n-type dopability may be a result of the 
intrinsic defect structures, or it may be due to the band structure. According to the 
“doping limit rule” proposed by Zhang et al., materials are easily doped p-type if the 
work function is small and the valence band maximum is high while n-type doping is 
favored if electron affinity is high and positive and the conduction band minimum is 
low [13-16].  
The codoping theory was proposed as a means to overcome these problems 
associated with bipolar doping. Theoretically, by simultaneously including both donors 
and acceptors, intrinsic defects are minimized by one dopant species, allowing the other 
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to enhance electrical properties. This may be accomplished by incorporating a 2:1 ratio 
of donors:acceptors (or acceptors:donors), but a different ratio may be required to 
compensate for intrinsic defects or enhance conductivity. This approach was attempted 
with CuAlO2 and CuGaO2. 
In the case of codoped CuAlO2, Ge was selected as the n-type dopant and Ni the      
p-type dopant. Pellets consisting of 1% overall dopant concentration with n:p ratios of 
1:3, 1:2, 1:1, 2:1, 3:1 were examined to determine the change in structure and 
conductivity compared to undoped CuAlO2. Little change in lattice parameters was 
observed in the doped samples, indicative of limited dopant solubility or no appreciable 
change in B-O bond length. Conductivity decreased in all doping schemes. It is worth 
noting that the decrease in conductivity was greater for the Ge-rich samples (2:1 and 3:1 
Ge:Ni ratios). This shows that the intrinsic p-type conductivity of CuAlO2 can be 
quenched using donor doping. All results showed that including a p-type dopant (Ni) 
with an n-type dopant (Ge) has no significant effect on improving the n-type dopability 
of CuAlO2. 
For CuGaO2, Sn was selected as the n-type dopant and Ni the p-type dopant. As 
was the cased with codoped CuAlO2, structure and conductivity were used to determine 
the effects of the dopant species. In this case, n:p ratios of 1:3, 1:1, and 3:1 were used with 
an overall 1% dopant concentration. For this system, the amount of delafossite phase 
formed appeared to be dependent upon the n:p ratio. Less parasitic CuGa2O4 was 
present in Ni-rich compositions. An increase in the a-axis lattice parameter was also 
observed as the amount of Ni dopant increased. In general, the inclusion of dopants had 
the effect of expanding the a-axis and contracting the c-axis of the delafossite unit cell. 
Some interaction between the two dopant species was observed in the conductivity 
results. The Ni-rich sample (1:3 Sn:Ni) showed a decrease in conductivity while all other 
dopant concentrations showed a very slight increase in conductivity compared to 
undoped CuGaO2. These results, together with the results for CuAlO2, indicate that this 
codoping/cluster doping strategy does little to improve the electrical properties of the 
two delafossite compositions.  
In light of the limited success found in doping single B cation delafossite 
compositions, a new direction taken was to investigate mixed B cation delafossites. This 
sort of cation substitution facilitates more precise controlling of the a-axis lattice 
parameter, affecting the ionization energy of the oxygen interstitial defect. In addition, 
depending on the nature of the substitution, bipolar doping may be built-in the 
composition. Three distinct possibilities for mixed B cation delafossites are (1) a 2:1 
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mixture of 2+/5+ cations [17, 18], (2) an even mixture of 2+/4+ cations [19-21] or 1+/5+ 
cations, and (3) a mixture of two 3+ cations [22-24]. In this work, multiple compositions 
fitting into categories 1 and 2 were investigated, with the results described in detail in 
Chapters 6 and 7. 
While little progress was made toward the goal of achieving bipolar doping in 
the delafossite structure, more insight was gained on the factors affecting delafossite 
phase stability for mixed B cation substitutions. Little information appears to be gained 
when analyzing the ionic radii of the charge-compensating pair of cations in the mixed B 
cation delafossites studied in this work and published in literature. All Cu-based charge-
compensated mixed B cation delafossites exist for the condition r(B1)  r(B2), where r(B1) 
represents the ionic radius of the lower oxidation state cation and r(B2) represents the 
ionic radius of the higher oxidation state cation. Even so, the failure to synthesize 
compositions falling within this region indicates that factors beyond ionic radius affect 
the stability of the delafossite phase. 
This work has shown that analysis of the electrical properties of the B cations is 
more useful for predicting the existence of the delafossite phase. All existing mixed B 
cation delafossites are composed of at least one cation with Pauling electronegativity 
greater than 1.8. These results help explain why some cations form mixed B cation 
delafossites a lot easier than others. This result also matches with a general trend of 
single cation delafossites, which are mostly composed of high-electronegativity cations, 
the only exceptions being rare earth delafossites.  
8.2.2 Recommendations for Further Study 
This work has shown that there are a limited number of stable delafossite 
compositions using equilibrium high-temperature solid-state synthesis. Further study in 
the field of delafossite ceramics should focus on non-equilibrium synthesis techniques. 
This can have the effect of controlling stoichiometry and defects, as well as potentially 
stabilizing additional compositions. 
8.3 References 
[1] Furubayashi, Y., T. Hitosugi, Y. Yamamoto, Y. Hirose, G. Kinoda, K. Inaba, T. 
Shimada, T. Hasegawa, Thin Solid Films. 496 (2006) 157. 
[2] Furubayashi, Y., T. Hitosugi, Y. Yamamoto, K. Inaba, G. Kinoda, Y. Hirose, T. 
Shimada, T. Hasegawa, Appl. Phys. Lett. 86 (2005) 252101. 
[3] Hitosugi, T., Y. Furubayashi, A. Ueda, K. Itabashi, K. Inaba, Y. Hirose, G. Kinoda, 
Y. Yamamoto, T. Shimada, T. Hasegawa, Jpn. J. Appl. Phys. 44 (2005) L1063. 
   146  
[4] Schultz, P.G., X.-D. Xiang, Curr. Opin. Solid St. M. 3 (1998) 153. 
[5] van Hest, M.F.A.M., M.S. Dabney, J.D. Perkins, D.S. Ginley, M.P. Taylor, Appl. 
Phys. Lett. 87 (2005) 032111. 
[6] Wang, Q., J. Perkins, H.M. Branz, J. Alleman, C. Duncan, D. Ginley, Appl. Surf. 
Sci. 189 (2002) 271. 
[7] Xiang, X.-D., X. Sun, G. Briceño, Y. Lou, K.-A. Wang, H. Chang, W.G. Wallace-
Freedman, S.-W. Chen, P.G. Schultz, Science. 268 (1995) 1738. 
[8] Ashmore, N.A., D.P. Cann, J. Mater. Sci. 40 (2005) 3891. 
[9] Ingram, B.J., G.B. Gonzalez, T.O. Mason, D. Shahriari, A. Barnabè, D. Ko, K. 
Poppelmeier, Chem. Mater. 16 (2004) 5616. 
[10] Ingram, B.J., T.O. Mason, R. Asahi, K.T. Park, A.J. Freeman, Phys. Rev. B. 64 
(2001) 155114. 
[11] Gall, R.B., N.A. Ashmore, M.A. Marquardt, X. Tan, D.P. Cann, J. Alloy Compd. 
391 (2005) 262. 
[12] Stauber, R.E., P.A. Parilla, J.D. Perkins, D.S. Ginley. Materials Research Society 
Symposium. (2000) 265. 
[13] Nie, X., X.N. Wei, S.B. Zhang, Phys. Rev. Lett. 88 (2002) 066405. 
[14] Zhang, S.B., J. Phys.-Condens. Mat. 14 (2002) R881. 
[15] Zhang, S.B., S.-H. Wei, A. Zunger, J. Appl. Phys. 83 (1998) 3192. 
[16] Zhang, S.B., S.-H. Wei, A. Zunger, Phys. Rev. Lett. 84 (2000) 1232. 
[17] Nagarajan, R., S. Uma, M.K. Jayaraj, J. Tate, A.W. Sleight, Solid State Sci. 4 (2002) 
787. 
[18] Tate, J., M.K. Jayaraj, A.D. Draeseke, T. Ulbrich, A.W. Sleight, K.A. Vanaja, R. 
Nagarajan, J.F. Wager, R.L. Hoffman, Thin Solid Films. 411 (2002) 119. 
[19] Doumerc, J.-P., A. Ammar, A. Wichainichai, M. Pouchard, P. Hagenmuller, J. 
Phys. Chem. Solids. 48 (1987) 37. 
[20] Marquardt, M.A., D.P. Cann, Mater. Lett. 60 (2006) 81. 
[21] Sturzenegger, M., H.R. Oswald, Solid State Ionics. 63-65 (1993) 274. 
[22] El Ataoui, K., J.-P. Doumerc, A. Ammar, P. Dordor, M. Pouchard, C.R. Chimie. 7 
(2004) 29. 
[23] El Ataoui, K., J.-P. Doumerc, A. Ammar, P. Gravereau, L. Fournès, A. Wattiaux, 
M. Pouchard, Solid State Sci. 5 (2003) 1239. 
[24] Nagarajan, R., N. Duan, M.K. Jayaraj, J. Li, K.A. Vanaja, A. Yokochi, A. Draeseke, 
J. Tate, A.W. Sleight, Int. J. Inorg. Mater. 3 (2001) 265. 
 
 
   147   
Acknowledgements 
There is no way I would have accomplished the amazing feat of completing this 
body of work without the help of many wonderful people along the way. First, I must 
thank my major professor, Dr. David Cann, for his guidance and support over the years. 
He has been more than a boss, but a mentor and friend, giving me the freedom to choose 
the direction of my research while providing the support I needed through the rough 
patches of both my research and life. I wish to thank Dr. Xiaoli Tan for agreeing to serve 
as co-major professor for this work. Even though he stepped in near the end of my 
project, his support has meant a lot. Also, thank you to all my committee members, Dr. 
Mufit Akinc, Dr. Vikram Dalal, and Dr. Mani Mina, for all their contributions and 
suggestions. 
A special thank you goes to Dr. Larry Genalo, Dr. David Martin, and Dr. Kristen 
Constant for their unwavering support and mentoring through this wild ride I call my 
education. Without them, I would never have chosen to pursue a bachelor’s degree in 
materials engineering, let alone a doctorate degree. I value the friendships we made 
through the course of my education and look forward to our future as colleagues in the 
materials world. 
Thank you to Scott Schlorholtz from the Materials Analysis and Research 
Laboratory for all the insights and advice in taking XRD measurements. His knowledge 
of all the quirks of the machine were invaluable for gathering accurate data.  
I thank Krista Briley, Lynne Weldon, and Carmen Neri for all their 
administrative efforts to keep my progress train moving toward graduation. They 
patiently answered all my questions and kept me gainfully employed; for that I will 
forever be grateful. 
There have been many people who came and went through my research group 
over the years, all of whom I feel lucky to have known: Jane Clayton, Tiffany Byrne, 
Bruce Gall, Seymen Aygun, Wanwilai Chaisan, Naratip Vittayakorn, Chien-Chih 
Huang, and Seunghwa Kwon. Aside from being research colleagues, I would like to 
think we were friends, enjoying many social activities. The research lab was always a 
fun place to be. 
A huge thank you goes to Dr. David Ginley for allowing me to collaborate with 
his research group at NREL for six months. I enjoyed gaining a different perspective for 
my project. The time seemed to go by way too fast, but I will never forget the awesome 
skiing and really great people who made me feel welcome: John Benner, Carole Allman, 
   148   
John Perkins, Chaz Teplin, Jeff Alleman, Andrew Leenheer, and Matthew Taylor. 
Special thanks to Maikel van Hest and Matthew Dabney for their help in training me on 
all the equipment as well as all the project and life advice.  
I’ve had a lot of friends come and go over the years at Iowa State, all of whom 
are very important to me. I know that without Rachel Neuendorf, Nicole Stephenson, 
Kristin Johannsen, Zach Meissen, Michael Krashin, Joe Schramm, Bryan Baker, Bryce 
Campbell, Eddie Hofer, Eric Straw, Jon Ihlefeld, Adam Buckalew, Luke England, 
Shannon Dudley, Jake Auliff, or Meredith Berger, my classes would have been so much 
more difficult and I definitely would not have had as much fun being a MatE. Thanks to 
Beth Lugert for being my homework and workout buddy as well as a good listener 
through some rough patches. Special thank you to my friend Peter van Zante for all the 
good conversations on life, the universe, and everything. He has been a great support 
through some of the more difficult times of my college career.  
I also express sincere thanks to Jen Nekuda and Rishi Malik for becoming such 
good friends to me while I was at NREL. They welcomed me into their circle of friends, 
helping me adjust to being so far away from home and family. My favorite memories are 
skating at Wash Park,  hiking “14-ers,” and Happy Hour.  
Thanks also to my “non-MatE” friends who have helped keep the nerdiness to 
tolerable levels: Jackie Swanson and Elissa Blabac, who are not only my cousins but also 
very good friends; and Lauren Marshall, who was a wonderful roommate and friend.  
I wish to extend sincere thanks to Eric Patterson, who started out being my 
minion and became a friend on whom I can depend and trust. I am so thankful for all his 
support over the years by helping me complete research tasks. When I was away at 
NREL, he was a tremendous asset at Iowa State to help me shuffle my graduation 
paperwork. Without his help, I know my graduation would have been delayed a bit.  
 My family has provided a tremendous amount of support over the years. I thank 
my parents, Mike and Cindy Marquardt, for all the love, support, and assistance they’ve 
given me over the years. Thanks also to my parents-in-law, Mike and Tona Gillispie. I 
feel lucky to now have two sets of parents who make me feel proud of all my 
accomplishments and whom I enjoy spending time with. 
Finally, I thank my wonderful husband Thad, who is my best friend and lifelong 
companion. His faith in me has made me strong and I am eternally grateful for his love, 
compassion, and patience. I feel very fortunate to have found him, and equally joyous 
that I get to share this great accomplishment with him. To Thad: I love you forever. 
